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Previous evaluations of the barriers hindering the 
internal rotations in ethyl alcohol are shown to be unsatis- 
factory because they fail to produce agreement between 
molecular and calorimetric entropies over a wide enough 
temperature range. The principal source of difficulty is 
found in an inconsistency between the modified Berthelot 
equation of state and the calorimetric data and vapor 
pressures used in calculating the third law entropies. 
Corrections for gas imperfection should be much higher 
at the temperatures at which the barrier evaluations have 
been made, but these corrections cannot be determined 


accurately with the available data. The larger entropies 
permit the assignment of lower and more reasonable 
potential barriers. 

For the hydroxyl group rotation, to keep the’ heat 
capacity, and therefore the change of entropy with the 
temperature, within the indicated limits, the simple 
expression V= Vo(1—cos3@)/2 is more suitable than more 
detailed potential energy functions. With a reasonable 
assignment of the vibrational frequencies, the sum of the 
barriers restricting the hydroxyl and methyl group rota- 
tions is approximately 6000 cal. 


HIS study was originally undertaken to 

provide an illustration of the approximate 
method recently proposed by the author! for the 
calculation of the thermodynamic properties of 
an unsymmetrical internal rotation. The inten- 
tion was to recalculate the entropy by this new 
method from the molecular properties assigned 
by Aston,? Isserow, Szasz, and Kennedy to see 
if the result was appreciably different and if 
further light might be thrown on the validity of 
their empirical potential energy function. Un- 
fortunately, their result does not adequately 
justify their molecular properties, because the 
entropy calculated by their method from these 
- properties increases too rapidly between the two 
temperatures which they have chosen for com- 
parison with the calorimetric values. As a conse- 
quence, if a third comparison is made at room 


1J. O. Halford, J. Chem. Phys. 15, 645 (1947); 16, 410 
(1948); 16, 560 (1948). 

2J. G. Aston, S. Isserow, G. J. Szasz, and R. M. Ken- 
nedy, J. Chem. Phys. 12, 336 (1944). 


temperature, a serious disagreement appears. 
The situation is not improved by the use of the 
new entropy evaluation for the hydroxyl group 
rotation. 

The empirical potential energy function gives 
too much heat capacity to the internal rotations 
and raises the question as to how to change the 
barrier assignment in order to lose heat capacity 
without producing much change in the entropy. 
This can be done by going to a symmetrical 
barrier system of the form V= V (1—cos36)/2 
to eliminate the change of “composition’’ with 
the temperature, and by raising one barrier and 
lowering the other. 

This conclusion suggests a further examination 
of the properties assigned by Schumann*® and 
Aston, who used the symmetrical cosine function 
in conjunction with barriers of 3000 and 10,000 
cal. for the methyl and hydroxy] group rotations. 


3S. C. Schumann and J. G. Aston, J. Chem. Phys. 6, 
480 (1938). 
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Their tabulation shows a perfect fit between 
molecular and calorimetric entropies at 351.5°K 
and 403.2°K. Recalculation, however, reveals an 
error of 0.4 unit in the vibrational entropy at 
351.5°, with the result that the use of their 
properties at 298.2° again produces a serious 
disagreement with the calorimetric value. If they 
had based their barrier assignment upon the 
third law value at 298.2°K, rather than 403.2°K, 
they would have obtained a barrier of 3400 cal. 
for the hydroxyl group rotation, with no more 
serious disagreements at other temperatures than 
those produced by their 10,000-cal. barrier. In a 
later paper, Aston‘ used the barriers assigned by 
himself and Schumann to calculate the ethyl 
alcohol entropy at a series of temperatures, but 
failed to recognize that his value at 350°K was 
far enough below the calorimetric one at 351.5°K 
to bring the barrier assignment into question. 
The problem contains three unknowns: the 
two potential barriers and the mean value of the 
six rocking (5) frequencies. In the interpretations 
by Aston and his collaborators, two of these 
were assumed or assigned in advance, and the 
third one was obtained by difference at one or 
two temperatures. It is possible to reproduce the 
calorimetric values at two well spaced tempera- 
tures with molecular constants, of which one has 
been assigned and the other two have been 
evaluated from the data. The extension to an 
independent evaluation of the three constants 
by means of comparisons at three temperatures 
does not appear to be practical. In the present 
attempts to find a solution for the unknowns the 
methyl group barrier is assigned, and a combina- 
tion of a hydroxyl group barrier with a mean 6- 
frequency is sought which will produce a numer- 
ical fit at 351.5°K and 403.2°K. The result is 
then tested at 298.2°. In general, for each 
assumed methyl barrier up to about 5000 cal., 
one numerically satisfactory combination of the 
other unknowns is-found, but at least one of the 
two always has an unreasonable value. If the 
reasonable assumption is made that the fre- 
quency must lie below 1100 cm, the resulting 
barriers are extreme. Thus, the properties 
V(CH3) =500, V(OH) =15,000, and =1065 
will come close to fitting the calorimetric data 


4J. G. Aston, Ind. Eng. Chem. 34, 514 (1942). 
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over the entire temperature range. Lower 6- 
frequencies require practically free rotation for 
the methyl group and a high frequency vibration 
for the hydroxyl group. 

The third law values which lead to these 
extreme results are calculated from excellent 
data in the usual manner, but they do not 
provide a rapid enough increase in entropy with 
the temperature to permit the assignment of 
reasonable molecular properties. The assumption 
of a residual entropy at the absolute zero would 
not take care of the situation, which is concerned 
almost entirely with the thermal data above 
room temperature. Neither does the vibrational 
entropy appear to be at fault. The frequency 
assignment of Schumann and Aston, except for 
the missing rocking motions, is a very reasonable 
one which probably introduces no serious errors. 
It appears, then, that the source of the difficulty 
must be in the third law values themselves. 

The several terms entering into these values 
are summarized in Eq. (1), 


T 
f Cd In T+L/T 


+ (27/32)RpT3/(p-T*) +R In (1) 


in which Sr° is the hypothetical perfect gas 
entropy at one atmosphere, S(1) is the entropy 
298.2 


of the liquid obtained by Kelley,® C is the heat 
capacity of the liquid at saturation pressure by 
Fiock, Ginnings, and Holton,® L is the heat of 
vaporization by the same authors, and p, and T, 
are the. critical constants, which appear in a term 
derived from the modified Berthelot equation of 
state for the correction for gas imperfection. 
The quantities introduced into Eq. (1) are 
interdependent, through the Clapeyron equation, 
and should be checked for consistency before the 
results are accepted. It is found that the gas 
imperfections indicated by the thermal data and 
vapor pressures are consistently larger than those 
of the Berthelot equation, and that the gas 
imperfection correction required at the highest 
temperature may be as much as five times as 
high as the one given by the Berthelot equation. 


5K. K. Kelley, J. Am. Chem. Soc. 51, 779 (1929). 


‘E. F. Fiock, D. C. Ginnings, and W. B. Holton, J. 
Research Nat. Bur. Stand: 6, 881 (1931). 
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TABLE I. The entropy of ethyl alcohol from molecular constants by the method of Aston, Isserow, Szasz, and Kennedy. 


298.2°K 351.5°K 403.2°K 


Straight Bent 


61.20* 
2.18 


0.79 
65.93 


Straight 
61.13 
3.09 


1.71 
68.71 


‘Bent 
62.51* 


Straight 
62.22 


2.53 3.34 
1.05 1.95 


% present 9 87 
Mixing 

ST) 

5°(3rd law)** 


68.87 7145 
13 84 


* S(T +R) includes the entropy of mixing of the optical isomers. 
** Gas imperfection increment by the modified Berthelot equation. 


As the temperature increases, and the vapor 
pressure rises rapidly, the perfect gas entropy 
becomes increasingly uncertain. Consequently, 
conclusions about the molecular properties will 
be most reliable if they are based upon calcula- 
tions at the lowest temperatures ahd pressures. 
If a mean rocking frequency is assumed, a series 
of combinations of methyl and hydroxyl group 
barriers becomes arithmetically possible at each 
temperature, and, in principle, an acceptable 
solution is a combination which is valid for two 
well spaced low temperatures. When the entropy 
at 298.2° is used in conjunction with the less 
accurate value at 351.5°, approximate agreement 
is found only for the highest estimates of the gas 
imperfection at the higher temperature. The sum 
of the two barriers is approximately 6000 cal., 
and the fit is about equally good for methyl 
barriers between 2500 and 4000 cal. The intro- 
duction of the constant probable error of +0.30 
in Kelley’s value for the liquid at 298.2° into 
the calculation serves to make the sum uncertain 
by about +1000 cal. 

It is to be hoped that the situation uncovered 
here is peculiar to ethyl alcohol and related 
associated substances, and does not mean that 
similar reconsiderations for other cases in which 
the Berthelot equation of state has been used are 


necessary. 


I. METHOD OF ASTON, ISSEROW, SZASZ, 
AND KENNEDY 


In this method the potential energies of the 
internal rotations are obtained from an empirical 
function based upon’ the repulsion between 
hydrogen atoms. The potential energy is taken 
to be proportional to the inverse mth power of 


the distance, and the proportionality constant 
and the exponent m are evaluated from the 
potential barriers assigned to ethane and neo- 
pentane. The barrier for the methyl group is of 
the form V = Vo(1—cos36)/2, but Vo is a function 
of the angular position of the hydroxyl group. 
For the hydroxyl group, the potential energy 
has approximately the form V=V;(1—cos@)/2 
+ V2(1—cos3@)/2, and contains three minima 
and three maxima. 
The system is regarded as a mixture of isomers 
for which the entropy of each one can be taken 
from the tables of Pitzer? and Gwinn for the 
symmetrical rotator. The ‘‘composition’’ is esti- 
mated from the free energies of the individuals, 
and the difference between the minima and the 
appropriate mixing terms are included to give 
the required entropy total. Reduced moments of 
inertia are taken directly from the paper by 
Aston, Isserow, Szasz, and Kennedy. The 
barriers and moments are summarized below: 


V(CHs) V(OH) 
“Straight” form "3 1800 cal. 2375 cal. 
“Bent” form *-* 3000 cal. 4410 cal. 
I(CH3;) =4.83-10- cm?, 
I(OH) =1.40-10-* g cm?. 


The frequency assignment is the same as that of 
Aston, Isserow, Szasz, and Kennedy, and is 
taken from Schumann and Aston, except that 
the average effective value of the six doubtful 
rocking frequencies is set at 985 cm=". 

Table I contains the recalculated values re- 
quired for the comparison of molecular and third 
law entropies at 351.5°K and 403.2°K—the 


7K. S. Pitzer and W. D. Gwinn, J. Chem. Phys. 10, 
428 (1942). 


S(T+R) 59.82 63.60* 
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TABLE II. Thermodynamic properties of the hydroxyl 
group rotation in ethyl alcohol calculated by means of 
mean energy levels from the potential energy function of 
Aston, Isserow, Szasz, and Kennedy. 


T(°K) 298.2 351.5 403.2 

—F/T 0.83+0.03 1.12+0.03 1.39+0.03 
H/ 1.60+0.02 1.84+0.01 2.05+0.01 
S° 2.4340.05 2.9620.04 3.44+0.04 
Cc 3.12+0.07 2.96+0.08 2.67 +0.07 


temperatures chosen by Aston, Isserow, Szasz, 
and Kennedy. A further comparison at 298.2°K 
has been added. The table contains several small 
differences from the original summation by Aston 
and his collaborators, but the fit obtained at 
351.5°K and 403.2°K is not changed in any 
significant way by the recalculation. The ex- 
pected large discrepancy at 298.2°K is 0.90 unit, 
which clearly shows that the molecular proper- 
ties are not satisfactory. This is also evident 
from the entropy change between 351.5° and 
403.2°K, which is 2.86 units from the molecular 
properties against 2.38 from the third law values. 
This corresponds to a difference of nearly 4 units, 
or approximately 20 percent, in the mean heat 
capacity for this temperature range. 

The method of evaluating the contribution of 
the rotating hydroxyl group is an unproved 
approximation which might lead to a serious 
error. As a check on this possibility, the com- 
parison is repeated with the evaluation for the 
hydroxyl group carried out with the aid of mean 
energy levels found by the method recently 
proposed by the present author. This approxi- 
mation is also unproved, but it should be more 
accurate than the earlier one in spite of the fact 
that its application to ethyl alcohol is a rather 
severe test because of the low reduced moment 
of inertia and the presence of shallow valleys in 
the potential energy curve. 


Il. MOLECULAR CONSTANTS FROM ASTON, 
ISSEROW, SZASZ, AND KENNEDY; 
HYDROXYL GROUP CONTRI- 
BUTION FROM MEAN 
ENERGY LEVELS 


The potential energy curve for the hydroxy] 
group rotation is replaced by a series of linked 
sections of cosine function, and a set of mean 
energy levels is found for each region of the 
energy—rotational coordinate surface, thus per- 
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mitting a direct evaluation of the partition func- 
tion and its derivatives. To find the mean energy 
levels, a quantum number index is set up in 
terms of E/V, where V; is one of the potential 
barriers, according to the equation, 


R= (pi/ai)( Vi/ Vi)*/2. (2) 


The index p is obtained from Table II of reference 
ib, and the quantities V; and a; are taken from 
the text and the published potential energy curve 
of Aston, Isserow, Szasz, and Kennedy as 
follows: 


1 2 3 
V 2375 — 815 4410 
1/a 0.3518 0.2259 0.4222 


The potential barriers, and the quantity as, as 
well as the sum 1/a,;+1/d2, can be taken from 
values given in their paper, but the individual 
quantities a; and a2 depend upon the rotational 
coordinates of the lower maxima, which are not 
given in the text. It is accurate enough for the 
present purpose to estimate these coordinates 
from the printed potential energy curve. The 
reduced moment of inertia is the same. as in 
Section I. 

When values of the index ® for the mean 
energy levels are assigned as described in earlier 
papers, the following ratios E/V,; are obtained: 
0.212, 0.597, and 0.909 within the lower valley 
and belonging to the “straight’”’ form; 0.864 or 
0.801, two states at the same level, one for each 
valley corresponding to a “‘bent’’ form, with the 
alternatives given because the low barrier V2 
leaves the accurate position in doubt; 1.030, 
1.247 (2), 1.552 (2), 1.860, 1.887, 2.180, 2.232, 
2.484, 2.548, 2.787, 2.904, 3.158, 3.338, 3.586, 
3.830, 4.065, 4.371, 4.595, 4.962, 5.168, vibra- 
tional and rotational states at energies above the 
lower potential maxima. It is interesting that 
for each “bent” form only one uniquely char- 
acteristic level appears. 

From these mean energy ratios the thermo- 
dynamic properties of the hydroxyl group rota- 
tion are calculated at three temperatures as 
shown in Table II. The indicated uncertainty is 
solely that due to the alternative positions of the 
states in the shallow valleys for the ‘bent’ 
forms. There is no basis for estimating other 
uncertainties inherent in the approximation. 
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Each entropy is higher by about 0.4 unit than 
the corresponding one obtained by the method 
of Aston and his collaborators. The heat capacity 
is in agreement at 403.2°K and is higher by 0.4 
unit at 298.2°K. In Table II the entropy is 
higher than in Table I because here the mixing 
terms are automatically included, while in Table 
I they were listed separately. 

In Table III, the entropy summations ob- 
tained with this new treatment of the hydroxyl 
group rotation are compared with the calori- 
metric values. With two potential barriers for 
the methyl group, according to the angular 
position of the hydroxyl group, there is no clear 
way to evaluate the contribution of the methyl 
group rotation. It is evident, however, from 


Table I, that this quantity is not sensitive to the 


calculated ‘“‘composition.’”’ Consequently, no 
significant error will be made if the contribution 
is taken from Table I and used in the new 
summation. 

With all three temperatures considered, the 
new approximation does not materially change 
the character of the fit shown in Table I. The 
situation is improved in the lower part of the 
temperature range but is worse at higher temper- 
atures because of the general upward revision of 
the entropies from molecular constants. The 
heat capacity is still much too high for the rate 
of change of the entropy with the temperature. 

A comparison of Tables I and II shows that 
the mean heat capacity obtained by two dis- 
tinctly different approximations is very nearly 
the same, and is therefore probably near to the 
correct value for the chosen potential energy 
function. To obtain a better agreement with the 
calculated third law values it will be necessary 
to adopt a potential energy function which leads 
to lower heat capacities. The symmetrical func- 
tion of the form V=V (1—cos36)/2, which, 
according to the tables of Pitzer and Gwinn, has 
maximum heat capacities of about 2.35, fulfills 
this requirement. 

These considerations suggest that a description 
of the type originally proposed by Schumann 
and Aston should be more successful. Because 
their tabulations show agreement at 351.5°K 
and 403.2°K, it appears possible that their 
potential barriers will be satisfactory at 298.2°K. 
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TABLE III. The entropy of ethyl alcohol from molecular 
data, evaluated from the constants of Aston, Isserow, 
Szasz, and Kennedy with the aid of mean energy levels 
for the hydroxyl group rotation. 


298.2 
59.82 
1.76 
2.74 
2.43 
66.75 
67.26 


351.5 
61.13 
2.78 
3.02 
2.96 
69.89 
69.71 


aS 
SRERES” 


ST) 
S*(3rd law) 


* Gas imperfection increment by the modified Berthelot equation. 


Ill. POTENTIAL BARRIERS ACCORDING TO 
SCHUMANN AND ASTON 


Schumann and Aston assigned individual fre- 
quencies to the rocking motions equivalent, in 
effect, to a mean value of about 905 cm~. They 
assumed 3000 cal. for the barrier to the methyl 
group rotation and obtained 10,000 cal. by 
difference, at 403.2°K, for the hydroxyl group 
rotation. In Table IV the entropy calculated 
with their molecular constants is compared with 
the third law values calculated with the aid of 
the modified Berthelot equation. 

The difference between Table IV and the 
original summation by Schumann and Aston is in 
the vibrational entropy at 351.5°K. Although 
the fit is somewhat better than that of Tables I 
and III, it is still unsatisfactory for similar 
reasons. The totals from molecular constants are 
in good agreement with the calculations of 
Aston.* 


IV 


A closer numerical interpretation is now 
sought with the type of potential energy function 
used by Schumann and Aston. The entire region 
of possible values of the three unknowns can be 
scanned in the manner described in the intro- 
ductory section. For the first combination found 
in which the numerical fit is close and the mean 


TABLE IV. The entropy of ethyl alcohol from the molecular 
constants assigned by Schumann and Aston. 


S(T) 
53rd law)** 


** Gas imperfection increment by the modified Berthelot equation. 
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TABLE V. Molal volumes of ethyl alcohol vapor at 
saturation pressures (liters). 


TABLE VI. Estimated entropy increments for gas imper- 
fection in ethyl alcohol at saturation pressures. 


T(°K) V°=RT/p V(Berthelot) V(thermal) V(direct) 
31 6.63 316.69 


298.2 7.42 31 

313.2 146.37 145.66 144.22 

333.2 59.34 58.72 57.42 

353.2 27.14 26.59 25.79 

373.2 13.75 13.27 12.78 13.30 
403.2 5.82 5.41 5.17 5.21 


rocking frequency falls below 1100 cm-, the 
constants are Vcu;=500, VoH=15,000, and 
= 1065. 

It can be concluded with confidence, if not 
with certainty, that the only acceptable numer- 
ical interpretations will involve properties close 
to those just listed. As a result, it is evident not 
only that the interpretation of Aston, Isserow, 
Szasz, and Kennedy is inadequate, but also that 
the hydroxyl group barrier consistent with an 
acceptable frequency assignment is even more 
extreme than the one proposed by Schumann 
and Aston. This barrier is now so far out of line 
with other barrier evaluations as to be almost 
certainly wrong, but the indications are that 
such a barrier is necessary to produce an accept- 
able numerical agreement with the third law 
values over the entire temperature range. 


V. REVISION OF THE THIRD LAW ENTROPY 


It is this situation which has led to an inquiry 
into the validity of the modified Berthelot 
equation of state for ethyl alcohol vapor. For 
this purpose, as shown in Table V, molal volumes 
of the vapor, calculated in several ways, are 


compared. The first column’ shows the absolute 


temperature, the second the perfect gas volume, 
the third the Berthelot volume, the fourth the 
volume calculated from the specific volumes 
obtained by Fiock, Ginnings, and Holton from 
the vapor pressure, the heat of vaporization, 
and the density of the liquid, and the fifth 
column gives two estimates obtained by interpo- 
lation from vapor density data found in the 
International Critical Tables. 

The volume from the thermal data and the 
vapor pressures is consistent with the modified 
Berthelot equation only at the lowest tempera- 
ture. At all other temperatures the consistent 
gas imperfections are appreciably larger than 
those given by the Berthelot equation. No 


T°K 

Increments 298.2 351.5 403.2 

Source of a and b: 
Critical constants 0.01 0.08 0.32 
Volume at 298 and 353 0.03 0.22 0.82 
Volume at 353 and 403 0.05 0.42 1.61 
Minimum entropy 67.26 69.71 72.09 
Maximum entropy 67.30 70.05 73.38 


conclusion can be drawn from the last column, 
for which one entry checks the Berthelot equa- 
tion and the other is consistent with the thermal 
data. 

To obtain reliable gas imperfection corrections 
would require accurate knowledge of the volumes 
or vapor densities as a function of the pressure 
from high attenuation to the saturation pressure 
at each temperature. Such data are not available, 
and, consequently, it is not possible to calculate 
accurate third law entropies, corrected for gas 
imperfection, at the higher temperatures and 
pressures. It is possible, however, if the form of 
the equation of state is assumed, to evaluate the 
constants in the assumed equation and use them 
to make rough estimates of the corrections for 
gas imperfection. For this purpose, it is con- 
venient to use the form of the modified Berthelot 
equation : 


pV/RT =1+(p/T)(a—b/T?). (3) 


For this equation the gas imperfection increment 
is 


S°—S=2bRp/T*. (4) 


When the constants are evaluated from the 
volumes from thermal data at 353.2°K and 
403.2°K, b is 4.61 10°, and, when the tempera- 
tures used are 298.2 and 353.2°K, bd is 2.35 K10°. 
In the ordinary form of the modified Berthelot 
equation is 0.90 10°. The corresponding esti- 
mates of the correction for gas imperfection are 
shown in Table VI. In addition to the above 
estimates a three constant equation with a term 
in (p/T)(1/T) was fitted and tried, but it did 
not reproduce the volumes as well as the two 
constant equation based upon the volumes at 
353 and 403°. The correction calculated from the 
three constant equation was higher at 351.5° 
and lower at 403.2°K. 
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The selection of molecular properties should 
be based upon the entropy at 298.2°, which is 
essentially independent of the gas imperfection 
problem. In making a barrier assignment, the 
minimum entropy at 298.2°K in conjunction 
with the maximum value at 351.5°K has been 
chosen. This arbitrary choice is made principally 
because it leads to a nearly consistent result. It 
is justified by the calculated volumes in Table V. 
The highest temperature (403.2°K) is left out 
of consideration. 


VI. NEW APPROXIMATION TO THE 
MOLECULAR CONSTANTS 


Except for the OH (6) frequency, the vibra- 
tional assignment of Schumann and Aston has 
been adopted. If for this quantity (700 cm-) 
the more probable value* of 1100 cm is substi- 
tuted, the mean frequency is close to that of 
Aston, Isserow, Szasz, and Kennedy at 985 cm~. 
Vibrational entropy contributions are therefore 
taken from Tables I and III. For the simple 
cosine potential function, with equal stability 
for thé straight and bent forms, the barriers at 
298.2°K and 351.5°K may be found as summar- 
ized in Table VII, which shows for each temper- 
ature the selected total entropy and a series of 
consistent barrier combinations. 

The combinations shown in Table VII are not 
in exact agreement at the two temperatures. To 
produce a closer agreement would require a set 
of properties in the direction of those listed in 
Section IV, but a more detailed treatment along 
these lines would not be justified because of the 
uncertainty in the gas imperfection correction at 
the higher temperature. It can be concluded that 
a fit at 298.2°K is not inconsistent with the data 
at 351.5°K, and that for an assumed mean 


8J. O. Halford, L. C. Anderson, and G. H. Kissin, J. 
Chem. Phys. 5, 927 (1937). 


TABLE VII. Potential barriers in ethyl alcohol. 


T(°K) 298.2 351.5 

5S°(total) 67.26 70.05 

r(6) 985 985 

Barriers V(CH;) V(OH) V(CH;) V(OH) 
2000 4200 2000 4800 
2500 3200 2500 3800 
3000 2700 3000 3100 
3500 2200 3500 2600 
4000 1800 4000 2200 


5-frequency of 985 cm the sum of the methyl 
and hydroxyl group barriers is about 6000 cal. 

The uncertainty of +0.3 in Kelley’s calori- 
metric entropy of the liquid at 298.2°K must be 
applied to all the entropies in exactly the same 
manner, and has no effect upon the difference 
between the entropies at two temperatures. Its 
application to the values in Table VII will make 
the barrier sum for the two rotations uncertain 
by about +1000 cal., and will have little effect 
upon the relative value of this sum at the two 
temperatures. 

A further interesting result of the new approxi- 
mations to the third law entropy is that the 
empirical potential energy function of Aston, 
Isserow, Szasz, and Kennedy is not eliminated 
from consideration. It is still possible that a mean 
6-frequency and new methyl group barriers could 
be found which would lead to satisfactory agree- 
ment with the new entropy estimates. 

The barrier combinations presented in Table 
VII are proposed only as a set of tentative 
solutions to the problem. They should be re- 
garded as subject to revision whenever more 
extensive and accurate vapor densities are made 
available to permit better evaluations of the 
hypothetical perfect gas entropy. If, at the same 
time, the results can be made consistent with 
accurate vapor heat capacities over an extended 
temperature range, it will become possible to 
assign reliable molecular constants. 
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The distribution of matter within the transition layer between the two phases of a fluid 
system is considered. Approximate values are obtained for the superficial density of matter I, 
calculated with reference to the Gibbs surface of tension as the dividing surface between the 


phases. 


I. INTRODUCTION 


N accordance with the Gibbs theory of capil- 
larity as applied to the surface between a 
one-component liquid and its vapor, it is found 
that the surface tension ¢ at the boundary and 
the Gibbs potential » for the fluid should be 
connected at constant temperature by the 

equation! 
do = —T dy, (1.1) 


where I is the so-called superficial density of 
matter at the boundary. This quantity T may 
be defined as the difference—per unit area of 
boundary surface—between the actual amount 
of fluid in the two-phase system and the amount 
which it would contain if the liquid and vapor 
phases retained uniform densities to the Gibbs 
surface of tension as the dividing surface be- 
tween the phases. 

In order to make actual applications of this 
important equation, it is necessary to have a 
value for the superficial density I at the liquid- 
vapor boundary in question. It is the purpose of 
the present article to calculate the values that 
-can be expected for I in the case of typical fluid 
systems such as are commonly investigated in 
experiments on surface tension. 

The calculations will involve certain assump- 
tions and approximations which cannot be re- 
garded as strictly correct. Nevertheless, it is 
believed that the treatment will be sufficiently 
sound to provide reliable results for the sign and 
order of magnitude of I. This is important for 
understanding the consequences of the Gibbs 
theory, since previously it has not even been 
clear whether the superficial density would have 
a positive or negative sign when referred to the 


1J. W. Gibbs, Collected Works, (Longmans Green and 
Company, New York, 1928), Vol. I, Eq. (508), p. 230. 


surface of tension. Application of the results ob- 
tained will be made in a subsequent article. 

We may now proceed to the derivation of the 
desired relations. Since this proves to be a some- 
what lengthy and involved task, we may begin 
by giving a brief outline of the sequence of 
treatment. 

In the immediately following Section II, we 
shall use van der Waals’ equation to investigate 
the values of fluid pressure and density to be 
expected in the transition layer between phases. 
We shall thereby be led to quantitative results 
needed in the subsequent development, as well 
as to the important qualitative conclusion that 
the density of the fluid y can be expected, on 
passage through the layer from vapor to liquid, 
first to rise continuously from its value y’’ in 
the bulk of the vapor to a maximum value Ymax 
possible for vapor, then to rise abruptly to a 
minimum value ymin possible for liquid, and then 
finally to rise again continuously to the value 
y' which it has in the bulk of the liquid. 

In Section III, we shall consider the condition 
of the fluid as a function of position within the 
transition layer, and shall introduce approximate 
expressions giving fluid pressure—first as a 
function of position as we pass through the vapor 
phase from the region of homogeneous vapor to 
the point of abrupt change in density and pres- 
sure—and then as a function of position as we 
pass from this point through the liquid phase 
to the region of homogeneous liquid. 

In Section IV, we shall then substitute our 
expressions for fluid pressure as a function of 
position into two previously derived relations,’ 
which give surface tension ¢ in terms of pressure 
distribution, and give a condition on the location 
of the surface of tension also in terms of pressure 


2?R. C. Tolman, J. Chem. Phys. 16, 758 (1948). 
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distribution. The first of these substitutions will 
provide information as to the magnitudes of the 
parameters that appear in our selected expres- 
sions for pressure as a function of position, and 
the second substitution will allow us to fix the 
location of the surface of tension in the transi- 
tion layer. 

In Section V, we shall now have all that is 
necessary to calculate values of the superficial 
density T by evaluating the appropriate inte- 
grals for density differences as a function of 
position on the two sides of the surface of ten- 
sion. The values found for I will, of course, depend 
on the nature and temperature of the fluid, but 
will, in general, be positive in typical cases. 

Finally, in Section VI, we shall make some con- 
cluding remarks as to the extent of validity that 
can be expected for our results. 


Il. APPLICATION OF VAN DER WAALS’ EQUATION 
a. Introduction of the Equation 


In order to investigate the distribution of 
fluid within the transition layer between a liquid 
and its vapor, we shall need to have a relation 
connecting the pressure of the fluid at the 
temperature of interest with the succession of 
fluid densitiés that would be encountered on 
passing through the transition layer from one 
phase to the other. To meet this need we shall 
make use of the familiar equation of van der 


Waals, 
[p+ (a/v*) ](v—b) = RT. (II.1) 


It is appreciated that this equation does not 
give an exact representation of p, v, T relations 
for any actual fluid. Nevertheless, it appears to 
be the obvious equation to adopt for our pur- 
poses as a first approximation, and we shall 
comment briefly later in Section VI on the va- 
lidity of its application. 

For our use, it will be desirable to re-express 
Eq. (II.1) by considering its application to unit 
mass of fluid. Replacing the volume v by the 
reciprocal of the density of the fluid y, and solv- 
ing for pressure p, we can then evidently write 


(II.2) 


where 7 is the gas constant per unit mass of the 
fluid, and a and 1/y.=6 are the previous van 
der Waals’ constants taken for unit mass. 
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TaB.eE I. Choice of parameters. 


ay /rT 5 8 9 10 11 13 Chosen 


7 
/ 0.8 0.8571 0.875 0.8889 0.9 0.9091 0.9231 See 1.10 
80.69 425.9 2447 5988 14800 92530 


b. Conditions on Parameters 


In applying van der Waals’ Eq. (II.2) to 
our problem we shall want to select values, 
or a range of values, for the parameters in the 
equation that will correspond to the conditions 
that are encountered in usual surface tension 
measurements. 

For the parameter r, which is the gas constant 
per unit mass of the fluid, we can, of course, im- 
mediately take 


r=R/M, (11.3) 


where R is the gas constant per mole and M the 
molecular weight of the fluid. 

To obtain a first condition on the other two 
parameters a and y~ we can make use of the cir- 
cumstance that we are going to be concerned, 
at least for the present, with plane surfaces of 
separation between liquids and vapors at tem- 
peratures well below the boiling point. We can 
then take the pressures p’ and p” in the interior 
of the homogeneous parts of the liquid and vapor 
phases as equal and small, 


(11.4) 


where fo is the ordinary vapor pressure of the 
liquid for a plane surface, and by the order zero 
we mean small compared with the large values 
that will be assumed by the quantities on the 
right-hand side of (11.2) on substitution of the 
large value y’ for the density of the liquid. As a 
consequence we see that we can then take 


(ILS) 


as giving a closely approximate condition on the 
values of the parameters y. and a. 

To obtain a second condition on the values of 
these parameters, we can write in accordance 
with a well-known thermodynamic consequence 
of van der Waals’ equation, the relation 


—ay Po—, . 


=po~0, 
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TABLE II. Limiting values of pressure and density. 


5 7 8 9 10 11 13 Chosen 
Ymax/"7’ 0.123 0.083 0.071 0.062 0.055 0.050 0.042 See Eq. (II.13) 
Ymin/Y’ 0.811 0.823 0.829 0.835 0.840 0.845 0.853 See Eq. (II.13) 
| 0.061 0.041 0,035 0.031 0.028 0.025 0.021 See Eq. (II.14) 
—Pmin/y'rT | 0.980 1.947 2.479 3.036 3.614 4.208 5.446 See Eq. (II.14) 
67 10-* 6.76 10-5 1.08 10-§ -'/y’ from Table I 


1,24 107 2.35 9.87 10-* 4.09 1. 


which equates two different expressions for the 
reversible isothermal work that wotild accom- 
pany the transformation of unit mass of vapor 
into liquid, in one case by passing through all 
the intermediate metastable and unstable equi- 
librium states, predicted by van der Waals’ 
equation as having densities between that of 
the vapor 7’’ and that of the liquid 7’, and in 
the other case by carrying out a direct condensa- 
tion at the vapor pressure p’=p"’ = po. Perform- 
ing the indicated integrations, we can then 
write 

or, since ‘we shall be interested in applying this 
result at temperatures where the vapor is suffi- 
ciently dilute, so that we can take 


and po=p"=y"rT, (II.8) 


we can rewrite this in the approximate form 


7’ ay’ 
log", -*) +—+1,  (II.9) 
Yos rT 


which gives us a second condition connecting 
the parameters y. and a. 

Finally, by solving Eq. (II.5), and by sub- 
stitution in Eq. (II.9), we can write 


(11.10) 


and 
log(y'/y”’) =1+ (ay'/rT) —log(ay’/rT), (II.11) 
as the equations which we shall wish to use in 


determining appropriate values for the pa- 
rameters. 


c. Choice of Parameters 


The foregoing equations will now permit us 
to relate the dimensionless quantity ay’/rT, con- 
taining the parameter a, both to the dimension- 


less quantity y’/yo, containing the parameter 
‘Yo, and to the observed ratio y’/y’’ between the 
densities of the fluid in liquid and vapor form. 
Taking a range of values for ay’/rT that will 
cover the desired range of applications, we have 
used Eqs. (II.10) and (II.11) to calculate the 
values of y’/y~ and y’/y’”’ given in Table I. 

It will be noted from Table I that we have 
chosen a range of values for ay’/rT that corre- 
sponds to a wide range of possible values for 
the observed ratio y’/y’’, between the densities, 
in liquid and vapor form, of fluids that we may 
wish to consider. As will be seen later in Section 
V, this will be sufficient to permit a wide varia- 
tion in the substances and temperatures to which 
our results can be applied. 


d. Limiting Values of Pressure and Density 


We are now ready to use van der Waals’ 
Eq. (II.2) to provide information as_ to 
the values of density and pressure that the 
fluid can be expected to assume as we pass 
through the transition layer from the homo- 
geneous part of the vapor phase at density 7” 
and pressure p’’=» to the homogeneous part 
of the liquid phase at density y’ and, in the case 
of plane dividing surfaces, again at the pressure 
p'=p""=po. For this purpose we may first con- 
sider the maximum and minimum values of 
pressure which are known to be predicted by 
van der Waals’ equation for temperatures below 
critical. 

Differentiating (II.2) with respect to y, we 
have 


dp rT 


— 2a 11.12) 
dy 


for the rate of change of pressure with density. 
Setting this expression equal to zero, and re- 
arranging so as to express the result in conveni- 
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ent form, we then obtain 


( 


(11.13) 


Yo y' 2ay’ 
as an equation which determines the values of 
density y at which the pressure p passes through 
a maximum or minimum. 

In accordance with its cubic form, this equa- 
tion has three solutions for the value of y at 
which p is an extremum. At temperatures below 
critical, the smallest of these values occurs at a 
point which we may label (ymax, Pmax) where the 
pressure passes through a maximum, the next 
value occurs at a point (ymin, Pmin) where the 
pressure passes through a minimum, and the 
third solution is not of physical interest since it 
occurs at a value of y greater than vq. 

Substituting the numerical values of ay'’/rT 
and y’/y« given in Table I as covering the range 
of interest, we can obtain numerical solutions of 
(11.13) for the values of y/y’ at which the maxi- 
mum and minimum of pressure occur. And 
rewriting van der Waals’ Eq. (II.2) in a 
form which is more convenient for our present 
purposes, 

ay' /¥ 


) 
rT }, (11.14) 


¥ 


Yo 


p=y'rT- 


we can also calculate the values of p/y’rT at 
these points of maximum and minimum pres- 
sure. The results of the calculations are given 
in Table II, where we also include a final line 
giving values of po/y’rT where po=p’ =p” is the 
vapor pressure. 

It will be seen from Table II, for the range of 
values of ay’/rT considered, that the densities 
Ymax at the pressure maximum are small com- 
pared with the densities ymin at the pressure 
minimum. It will also be seen that the vapor 
pressures po are small compared with the maxi- 
mum pressures Pmax, and that these in turn are 
small compared with the negative pressures 
—Pmin at the pressure minimum. It wiil further 
be noted that the values of the ratios Ymax/Yminy 
Po/Pmax and Pmax/—Pmin decrease as we go to 
larger values of ay’/rT. These findings will play 
a role in our later introduction of approximations. 
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It may be remarked in this connection that the 
value of ay’/rT will be greater than 7 in all 
but one of the applications which we shall make. 
The determination of the points (ymax, Pmax) 
and (ymin, Pmin) is of importance in setting the 
upper limit for the stable and metastable states 
of vapor that can exist at densities less than 7nax, 
and the lower limit for the stable and metastable 
states of liquid that can exist at densities greater 
than ymin. States of the fluid at densities between 
Ymax and Ymin would be highly unstable since 
increase in density would be accompanied by 
decrease in pressure. In this connection it is 
illuminating to think of pmax as the maximum 
pressure which the vapor can withstand without 
collapse, and —fmin as the maximum tension 
which the liquid can withstand without rupture. 
Extended regions containing fluid at densities 
between Ymax and ymin are not to be expected. 


e. Sequence of Values of Density and Pressure 
in the Transition Layer 


We can now use the results of the foregoing 
discussion to predict the sequence of values of 
fluid density that we might expect to encounter 
on passage through the transition layer from 
vapor to liquid. Because of the short range of 
molecular forces, the density of the vapor can 
be expected to remain substantially constant at 
the value y=7” which it has in the bulk of the 
vapor, until we come very close to the liquid. 
Under the action of attraction from the ‘‘liquid 
face,”’ it can then be expected to rise at a rapidly 
increasing rate until it reaches the value y = ymax 
at the upper limit of metastable vapor states. 
At this point we have dy/dp = ~, and the density 
can be expected to rise abruptly—through the 
range of densities corresponding to unstable 
states—to the value y=7Ymin at the lower limit 
of metastable liquid states. Beyond this point, 
the density can then again be expected to in- 
crease at a slowly diminishing rate until it 
reaches the substantially constant value y=7’ 
in the bulk of the liquid. 

The foregoing picture for the sequence of 
density changes also implies a corresponding 
picture for the sequence of pressure changes, 
which will prove useful in the next section. In 
accordance with the relation between pressure 
and density given by van der Waals’ equation, 
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we are led to conclude, on considering passage 
through the transition layer from vapor to liquid, 
that the fluid pressure will first rise at a con- 
tinuously increasing rate from its value p=p” 
=o in the interior of the vapor to the maximum 
value p=Pmax possible for vapor, will then fall 
abruptly to the minimum value p= fmin possible 
for liquid, and then finally will again rise at a 
continuously decreasing rate to its value p=p’ 
=o in the interior of the liquid. We note the 
contrast to the unreversed rise in fluid density 
on passage from vapor to liquid. 


III. CONDITION OF FLUID AS A FUNCTION OF 
POSITION IN THE TRANSITION LAYER 


The preceding section has provided qualita- 
tive information as to the sequence of fluid 
conditions to be expected on passage through the 
transition layer but has not provided any quanti- 
tative expressions for the condition of the fluid 
as a definite function of position in the layer. 
To meet this need, in the absence of a complete 
theory of fluid distribution in the layer, we shall 
now introduce approximate expressions, having 
a rational form compatible with available knowl- 
edge, and containing adjustable parameters with 
values to be determined later. 

In formulating the desired expressions for 
fluid condition as a function of position, it is 
expedient to specify the condition of the fluid 
at any point by its pressure p, rather than by its 
density y, since the rate of change of density 
with position becomes very large compared.with 
the rate of change of pressure with position in 
regions where dy/dp approaches infinity. Hence, 
let us now consider the pressure of the fluid p 
as a function of a variable y, which we introduce 
to designate distances along an axis normal to 
the dividing surface between phases, and which 
we take as increasing in the direction from vapor 
to liquid, with the value y=0 at the point of 
abrupt change in density and pressure. 

As appropriate expressions for pressure as a 
function of position, we shall than take 


=(Pmax—p")er”™, (111.1) 


as holding over the range of vapor states from 
y=—o to the point y=0 where the abrupt 
change in density and pressure occurs, and shall 


take 
(111.2) 


=(Pmin—p’)e™, 
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as holding over the range of liquid states from 
y=0 to y= «. The quantities \, and d; in these 
expressions are parameters whose values will 
be later considered. 

These expressions are consonant with the in- 
formation that we do have as to the distribution 
of fluid in the transition layer, and appear to be 
the most reasonable three parameter approxima- 
tions that we can introduce at this stage. In 
accordance with (III.1), as we pass from y= — 
to y=0, the pressure / will rise from its value p” 
in the bulk of the vapor phase to its maximum 
possible value Pmax, asymptotically as we leave 
the interior of the vapor, and at a continuously 
increasing rate as we approach the “‘liquid face” 
exerting its strong, short range, attractive forces. 
And in accordance with (III.2), as we pass from 
y=0 to y=+ ~, the pressure p will rise from the 
minimum value pmin possible for liquid states to 
the value ~’ in the bulk of the liquid phase, at a 
continuously decreasing rate which gives asymp- 
totic approach to the final conditions in the 
interior of the liquid. In accordance with van 
der Waals’ equation, these changes in pressure 
will be accompanied by corresponding changes 
in density, where it will be noted that dy/dy be- 
comes positive infinite at y=0, in agreement with 
our original picture of the abrupt increase in 
density at that point. 


IV. APPLICATION OF PREVIOUSLY DERIVED 
EXPRESSIONS FOR SURFACE TENSION 
AND FOR THE LOCATION OF THE 
SURFACE OF TENSION 


We may now consider the application to our 
present problem of two already existing ex- 
pressions, for the magnitude of surface tension 
and for the location of the surface of tension, 
which have been previously derived for a one- 
component, two-phase system by treating the 
fluid within the transition layer by usual thermo- 
dynamic methods. These expressions, which are 
specialized for the case of spherical surfaces of 
separation, are of the form* 


f (p' —p)(1-+ex)%dx 


b 
+f —p)(1—cx)*dx, (IV.1) 
0 


3 See reference 2, Eqs. (12.6) and (12.7). 
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TABLE III. Factors for computation of I. 


ay'/rT 


10 13 


A 

Bx 108 
CX 10-8 
logioy’/y”" 


0.931 0.934 0.940 
0.3097 0.2669 0.2075 
3.229 3.747 4.819 


3.7773 4.1702 4.9663 Table I 


and 


0 
0= f —p)(1-+ex)xdx 


+ f (p’—p)(1+ex)xdx, (IV.2) 


where p, p’, and p” have the same significance as 
in the foregoing, c is the curvature of the surface 
of tension, and the integrations are taken with 
respect to a variable x which designates distances 
normal to the surface of tension and which in- 
creases in the direction from liquid to vapor 
with the value x=0 at the surface of tension 
and the values x = —a and x= at points where 
the fluid reaches conditions in substantial agree- 
ment with those for the contiguous homogeneous 
phase. 

To make use of Eqs. (IV.1) and (IV.2) in the 
present connection, we shall wish to substitute 
the expressions for (p—p’’) and (p—p’) given 
by (III.1) and (111.2) in the preceding section. 
In doing so, we note that the variable x in 
(IV.1) and (IV.2) and the variable y, which we 
found convenient for setting up the expressions 
(111.1) and (II1.2), are connected by the relation 


(IV.3) 


where y; gives the position of the surface of 
tension as measured from the point of abrupt 
rise in density in the direction from vapor to 
liquid. We further note that we can also take 


and p”=p'=pp, (IV.4) 


c=0, 


since we are now concerned with plane dividing 
surfaces, where we have zero curvature ¢ and 
have internal pressures in the two phases equal 
to the ordinary vapor pressure po. 

Making the suggested substitutions, and ex- 
pressing the results in terms of integrals taken 
with respect to the variable y, it will be seen 


that we can now obtain the expressions 


0 
f 


+f (Po— Pmine~Y'dy, 
and 


J (Po— 


+ f (Po—  (1V.6) 
0 


Performing the indicated integrations, we then 
find, as expressions for surface tension and for 
the location of the surface of tension, 


(Po— Pmax)Av+(po— Pmin) Ar, (IV.7) 


and 


(po— Pmax)Av+ (Po—Pmin)AL 
(Po—Pmax) Av +(Po— 


In order to make use of these equations, we 
may now introduce some approximations. In 
accordance with our discussion of the figures 
given in Table II, we can take 


PoKpmax; PoK| Pmin | ’ Pmax<X| Pmin| (IV.9) 


Furthermore, in accordance with the form of our 
expressions (II].1) and (III.2) and in accordance 
with the short range of molecular forces, it would 
seem reasonable to take 


(IV.8) 


or <r, (IV.10) 


since we can expect the rise in the pressure of 
the vapor from ~” to Pmax to be sharply con- 
centrated as we approach the “‘liquid face,” and 
the rise in pressure of the liquid from pmin to 
p’ to take place as the result of increasing liquid 
density. Accepting these relations, we then see 
that Eqs. (IV.7) and (1V.8) would reduce to the _ 
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5 7 8 9 Chosen 
” 0.908 0.910 0.922 0.929 — See Eq. (V.8) 
1.114 0.5619 0.4772 0.3680 See Eq. (V.9) 
1.9068 2.6293 3.0056 
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simplified approximate forms 
(IV.11) 


Dropping the subscript of \;, and noting the 
_ approximations that can be introduced in (III.2), 
we may now write, as the expressions which we 
shall need in the next section, 


o=—PminAt and 


A= 
Pmin 


and 


(O<y<om), (IV.12) 


where the first of these relations will permit us 
to determine \ from experimental values of o 
and calculated values of pmin, the second rela- 
tion will then give us the location of the surface 
of tension as measured from the point of abrupt 
rise in density at y=0, and the third relation will 
give us the fluid pressure for the range of liquid 
states beyond that point. 


V. CALCULATION OF SUPERFICIAL DENSITY 
a. Deduction of Relations 


We now have all that is needed to undertake 
the determination of superficial density T. In 
accordance with the definition of that quantity, 
it is evident that we can write 


f f (y-y)dy, 


where we integrate the excess density above 
that for homogeneous vapor up to the surface 
of tension, and integrate the excess density above 
that for homogeneous liquid from that point 
on—the first of the integrals being actually 
positive in value and the second negative. In 
view of the small value of y’’ and of the small 
values of y until we reach the point y=0 (see 


TABLE IV. Values of superficial density T at 20°C. 


M 10 T /Ni 


18.016 72.75 0.9982 1.73 0.98 0.99 3.11 

32.04 22.61 0.7915 16.95 0.80 1.01 4.07 

46.07 22.27 0.7894 11.1 1.33 4.59 

60.05 27.63 1.0491 7.64 1.53 1.46 4.56 
16.96 0.7135 187.0 2.49 3.50 
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Tables I and II), we shall now approximate this 
expression by 


r= f f 
0 


f 


where we have substituted y;=X in accordance 
with (IV.12). 

In order to re-express the integral in this 
equation in a form which can be evaluated, we 
note by equating the expressions for pressure 
given by (II.15) and (1V.2) that we can write 


(V.2) 


ay’ 
-—(—)}, w. 


as a valid relation over the range of values of y 
from zero to infinity and over the corresponding 
range of values of y/7’ from ymin/y’ to unity. 
Introducing into (V.3) the convenient ab- 
breviations 


ay’ 1 
—=—— (cf. 11.5) (V.4) 
rT 1-g 


and then differentiating with respect to y and 3, 
we can now obtain 
1 g 1—2gz 
z 1—ge (1—z)(1—g—gz) 


dz, (V.5) 


as an expression for dy in terms of z and dz. 
Substituting in (V.2), we may then write our 
expression for I’ in a form 


1 g gz 
|--1+ 
 1—gs 1—gz 


1 2g2 
+4. (V.6) 
i-g-y i-¢-# 


where the integral can be readily evaluated. 


P=ay'| 1+ 
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Performing the integration indicated in (V.6) 
and substituting the limits given, we then obtain 


(V.7) 


as our desired expression for superficial density T 
referred to the Gibbs surface of tension. This 
expression permits us to compute specific values 
for T in terms of quantities that can be either 
directly measured or computed from appropriate 
values of van der Waals’ constants. For the 
purpose of such computations the expression 
can be put into somewhat more usable forms. 
Designating the sum of terms within the 
parentheses in (V.7) by the letter A, we can 
write 
T=Ahy’, (V.8) 


where A is a numerical factor that can be com- 
puted from appropriate values for ymin/y’ and 
y'/Ye. Using the values of these quantities that 
are given in Tables I and II as corresponding 
to our selected range of values for ay’/rT, we 
calculate for A the values given in the second 
line of Table III, where the nearly constant 
value for the factor A over a wide range of 
fluid conditions will be noted. 

Furthermore, substituting into (V.8) the value 
of \ in terms of surface tension o and of mini- 
mum pressure Pmin as given by (IV.12), we can 
also write our expression for superficial density 
in the form 


F AcM 
| Pmin| 


where T and M are the temperature and molecu- 
lar weight of the fluid considered, and B is a 


P 
RT |bminl/¥rT 
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TABLE V. Superficial density of water 10°-50°C. 


Tempera- 
ture emt (M (Nev 


tom 
0.96 
0.99 
1.0 
1.03 
1.06 


factor which can be computed from the value 
of the gas constant per mole R, and from the 
values of A and of the ratio |Pmin|/y’rT as 
already given in Tables II and III. The calcu- 
lated values of B corresponding to different 
values of ay'/rT are given in the third line of 
Table III. 

Finally, we shall also find it useful to introduce 
the reciprocal of B and rewrite our expression 
for superficial density in the form 


—(V.10) 


where C=1/B. This is a convenient form for 
application to observational data, since the com- 
puted values of C are found to increase nearly 
linearly with computed values for logy’/y’’, 
where the densities y’ and y” of the fluid in 
liquid and vapor form are quantities subject to 
direct experimental determination. The calcu- 
lated values for C and for logiy’/y", which cor- 
respond to our selected range of values for 
ay'/rT, are given in the last two lines of Table 
III, where interpolation is facilitated by the 
approximately linear relation between the two 
sets of quantities. 


b. Application to Observational Data 


With the help of Eq. (V.10) and the values for 
C and logiy'’/y” given in the last two lines of 
Table III, we may now compute numerical 
values for superficial density T for two-phase 
fluid systems from given values of the surface 
tension o at the boundary, of the molecular 
weight M and temperature T of the fluid, and 
of the densities of the fluid y’ and y” in the 
liquid and in the vapor phase. We have made 
such computations for several different fluids at 
the same temperature (20°), and for a single 
fluid (water) at different temperatures. 

The data and results for five different fluids 
at 20°C are given in Table IV. The substances 
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considered are given in the first column in the 
order of increasing molecular weights, and the 
molecular weights M are given in the second 
column. Values of the surface tension ¢ at 20°C 
are given in the third column.‘ The values for 
the densities y’ of the liquid and y”’ of the vapor 
at 20°C are given in the fourth and fifth col- 
umns.® And the desired values for the super- 
ficial density [ at the Gibbs surface of tension 
are then given in the sixth column, as calculated 
from Eq. (V.10) with the help of the last two 
lines in Table III. 

In addition to I, two other quantities which 
are given in the two final colunins of the table 
will be of interest. The first of these quantities, 
T'/(y’—v7"”), will be seen from the definition of T 
as provided by Eq. (V.1) to give the distance, 
measured in the direction vapor to liquid, from 
a dividing surface located so as to make the 
superficial density vanish to the surface of ten- 
sion with respect to which the superficial density 
has the value ['. The second of the quantities, 
(M/Noy')*, where No is Avogadro’s number, will 
be seen to give a measure of the distance between 
molecules of the liquid, treating them as points 
located in a cubical array. 

The data and results for water at a series of 
temperatures from 10° to 50°C will be found in 
Table V. The sources of the data are the same 
as those already mentioned for the case of water 
in connection with the preceding table. 

From Table IV, it would be concluded, for the 
liquid-vapor systems considered at 20°C, that 
the superficial density of matter T referred to 
the surface of tension is a positive quantity of 
the order of 0.8 to 2.5X10-* g/cm?, and that the 


4The values for surface tension o are taken from the 
International Critical Tables, (McGraw-Hill Book Company, 
Inc., New York, 1948), Vol. IV, pp. 447, 448, 449, and 451. 
Although our treatment is concerned with liquids in con- 
tact solely with vapor, we have actually taken values of o for 
liquids in contact with air as well as vapor. We have done 
this to obtain a consistent set of values including cases where 
measurements in the absence of air are not available. The 
small decreases in o resulting from the presence of air 
cannot be expected to have an important effect on our 
final figures. 

5 The values for the densities y’ and y’” for water are 
taken from the Handbook of Chemistry and Physics (Chem- 
ical Rubber Publishing Company, Cleveland, Ohio, 
1946), thirtieth edition. See p. 1695 and p. 1876 ff. The 
values of y’ and y” for the other liquids are from the re- 
sults of Young as given in the tables of Landolt and Bérn- 
stein (Verlag Julius Springer, Berlin, 1923), fifth edition, 
Vol. I, Tables 79, 79d, 79g. 
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distance ['/(y’—~y") from a dividing surface 
located so as to make the superficial density 
vanish to the surface of tension is of the order 
of 0.25 to 0.6 of intermolecular distances 
(M/Noy’)* in the liquid. 

From Table -V, it would be concluded that 
the superficial density T and the ratio of the 
distances T'/(y’—y’’) to (M/Noy’)* would be 
subject to a slight increase with temperature for 
a given liquid. This finding, together with the 
internal evidence in Table IV, would indicate 
that more concordant results would be found 
for different liquids if we could compare them at 
corresponding temperatures. 

In connection with the foregoing results, it 
may be remarked that we could also have calcu- 
lated values for the parameter A, which de- 
termines the rate of exponential rise in the pres- 
sure of the liquid as we proceed from the value 
Pmin at the point of abrupt change to the value 
po in the interior of the liquid phase. Rewriting 
Eq. (V.8) in the form 


\=T/Ay’, (V.11) 


we see, in accordance with the values of A in 
Table III and with the relation y’<vy’, that the 
values of \ would be 6 to 10 percent greater than 
the values given in the next to the last columns 
of Tables IV and V. Hence the distance \=4; 
from the point of abrupt rise in density to the 
surface of tension will be of the order of magni- 
tude of intermolecular distances in the liquid. 


i VI. CONCLUDING REMARKS 


In forming a judgment as to the degree of 
reliance to be placed on the foregoing results, we 
must begin by criticizing the general character 
of a method of investigation which treats micro- 
scopic distributions of matter by considerations 
primarily justified by their successful applica- 
tion to macroscopic distributions. In studying 
the behavior of matter in the transition layer 
between phases, we have treated it as a fluid 
which obeys a macroscopic equation of state 
(van der Waals’ equation), and we have applied 
equations to its distribution (IV.1 and IV.2) 
which were themselves previously derived by 
the use of familiar macroscopic thermodynamic 
principles. It is evident from the outcome of the 


me 


t 


| 

a 
n 
d 
fc 
si 
fc 
tu 
th 
st 
Or 
th 
tic 
it 
th 
ve 
lic 
tw 
be 
tic 
of 
| lay 
; co 
ass 
(1 
fur 
6 


LIQUID VAPOR BOUNDARY 


work itself, however, that the distribution of 
matter within the layer must change markedly 
within distances of the order of those between 
molecules. Hence the extent of the validity of 
our macroscopic modes of procedure is not clear. 
In justification for such a procedure, in agree- 
ment with our previous more extended discussion 
of the problem,* we can express the expectation, 
or at least the hope, that a more rigorous sta- 
tistical mechanical treatment would lead to 
approximately similar results. And in extenua- 
tion for our proceduré, we may emphasize the 
importance of doing the best we can at the pres- 
ent time to obtain information as to the sign 
and order of magnitude of the important quan- 
tity T. 

Coming to more specific questions, we may 
next inquire into the validity of our use of van 
der Waals’ equation as the equation of state 
for our fluid. In this connection it is to be empha- 
sized that our method of selecting parameters 
for the equation is such as to secure values of 
y’ and 7” which agree with the empirical densi- 
ties of liquid and vapor at each actual tempera- 
ture of interest. This avoids the serious errors 
that might otherwise arise from the known 
strong dependence of van der Waals’ constant a 
on temperature. It may also be emphasized 
that we only need reliable results from the equa- 
tion over a limited range of states. Nevertheless, 
it is not clear that van der Waals’ equation with 
the adopted choice of parameters will give us a 
very accurate representation of the metastable 
liquid states that lie in the important range be- 
tween (ymin, Pmin) and (y’, p’). We can perhaps 
be justified, however, in assuming that the equa- 
tion does provide a correct qualitative picture 
of the succession of fluid states in the transition 
layer, and provides quantitative results of the 
correct order of magnitude. 

We may next inquire into the validity of 
assuming exponential expressions of the form 
(III.1) and (III.2) to represent pressure as a 
function of position in the layer. In this con- 


6 See reference 2—discussion in Section 16. 
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nection we may again emphasize the rational 
character of these expressions, which was dis- 
cussed in more detail in Section III, and may also 
emphasize the circumstance that the quantities 
Ay and A; are treated as adjustable parameters 
with values left open for later determination in 
Section IV. It will also be appreciated that our 
final results will be primarily dependent on the 
values found for ymin and Pmin and will not be 
very sensitive to the exact way in which density 
and pressure rise from these values to their 
final values y’ and p’ in the interior of the liquid. 
Indeed, if we make the extreme assumption that 
y and p both rise linearly in a distance / from 
their initial to their final values, we calculate 
values for I of the same order of magnitude as 
those to which we have actually been led. 

To complete this inquiry into validity, we 
must also consider the various simplifications 
which have been introduced in the course of the 
deductions. These, however, all appear to be 
based on approximations which are justified by 
the relative magnitudes of the quantities in- 
volved. 

In the light of the foregoing discussion, we 
are led to the tentative conclusion that our 
method of treatment has provided a quali- 
tatively correct picture of the transition layer 
between a liquid and its vapor, has demonstrated 
that the superficial density of matter I referred 
to the surface of tension in our layer would be a 
positive quantity in cases of common interest, 
and has provided values for [ which are of the 
correct order of magnitude. This conclusion is 
reinforced by the general internal consistency of 
our picture as made evident in the course of the 
treatment. It is also reinforced by the reasonable 
character of our specific finding (see V.11) that 
the distances \—from the surface where the 
abrupt rise in density takes place to the surface 
of tension where changes in curvature alone do 
not require work—would be of the order of 
magnitude of those between molecules. Our 
findings will be employed in a proposed later 
application. 
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The infra-red spectra of dimethyl mercury and dimethyl zinc and the Raman spectrum of 
dimethyl mercury have been observed. A frequency assignment has been proposed for dimethyl 
mercury, and that of dimethyl zinc has been modified. The results support a linear C—-M—C 
structure, in agreement with quantum-mechanical predictions, and also Ds,’ symmetry with 
essentially free rotation of the methyl groups. A normal coordinate analysis has been made 
of the fundamental frequencies and valence-type force constants deduced therefrom. The 
values of the force constants pertaining only to the methyl groups agree very well with 
values obtained in other molecules; others indicate the relatively easy deformability of the 
C—M-—C figure axis. Differences between the dimethyl mercury and dimethyl zinc force 
constants indicate greater ionic character in the C—Zn bond. Values of 2.45 and 2.39X10® 
dynes/cm are obtained for the C—Hg and C—Zn stretching force constants. The relation 
of these values to current suggestions concerning the dependence of bond strengths on atomic 


parameters is briefly discussed. 


INTRODUCTION 


IMETHYL zinc! and several of the Group 
IV tetramethyl derivatives? appear to be 
the only metal alkyls whose infra-red and Raman 
spectra have been investigated in detail and 
reasonably complete frequency assignments pro- 
posed. However, many of the various M —C force 
constants have not been calculated from these 
assignments, and in general there is a lack of 
quantitative physical data for the metallo- 
organic compounds. Difficulty of preparation 
and handling are probably the main deterrents 
to their study, but these may be overcome by 
the exercise of reasonable care. 

Further data on the metal alkyls are of interest 
for several reasons. The co-relation of bond force 
constants with atomic parameters requires a wide 
range of data, and reliable results for various 
M-—C bonds are useful in this connection.’ 
Quantum theory predicts certain bond hydrid- 
ization in various cases, and structural determi- 
nation from spectral data affords a check on the 

* Based on a thesis submitted in partial fulfillment of 
the requirements for the Ph.D. degree at Harvard Uni- 
versity. The research reported herein was facilitated by 
support extended Harvard University by the Na 
Department, Office of Naval Research, under ONR 
Contract NSori76. 

** Present address: Department of Chemistry, Uni- 
versity of Illinois, Urbana, Illinois. 


1H. W. Thompson, J. W. Linnett, and F. J. Wagstaffe, 
Trans. Faraday Soc. 36, 797 (1940). 


C. W. Young, J. S. Koehler, and D. S. McKinney, 
J. Am. Chem. Soc. 69, 1410 (1947). 
3 W. Gordy, J. Chem. Phys. 14, 305 (1946). 
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theory in favorable instances. Also, the nature 
and distance dependence of the repulsive forces 
restricting rotation of groups of atoms about a 
chemical bond is a problem of fundamental im- 
portance. Available data on ethane and dimethyl 
acetylene might profitably be extended to inter- 
mediate linear compounds CH;—M —CHs3. Ac- 
cordingly, a detailed investigation of the infra-red 
and Raman spectra of dimethyl mercury and 
dimethyl zinc was undertaken. 

Several investigations of the spectra of these 
compounds have been reported. Fehér, Kolb, 
and Leverenz‘ give the results of two inde- 
pendent studies of the Raman spectra, including 
polarization measurements. They also discuss 
critically the earlier Raman data published by 
and Venkateswaran.® The infra-red spectrum 
of dimethyl zinc has been observed by Thomp- 
son, Linnett, and Wagstaffe,! who proposed a 
frequency assignment using the then available 
Raman data. They considered their results as 
most consistent with a linear C—Zn—C struc- 
ture. 


EXPERIMENTAL 
1. Dimethyl Mercury 


a. Preparation of sample. The dimethyl mer- 
cury used in these experiments was prepared by 


4F. Fehér, W. Kolb, and L. Leverenz, Zeits. f. Natur- 
forsch. 2a, 454 (1947). 
5N. G. Pai, Proc. Roy. Soc. (London) A149, 29 (1935). 


6S. Venkateswaran, Ind. J. Phys. 5, 145 (1930). 
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SPECTRA OF DIMETHYL MERCURY 


the reaction between CH;MgBr and HgCl, in 
ether solution.’ It was purified by redistillation 
over freshly precipitated Ag,O. The product used 
had a boiling point range of 92.3 to 92.5°C at 
772 mm. 

b. Infra-red spectrum. Measurements were 
made on the gas in a 30-cm cell with KBr 
windows using the automatic prism spectrometer 
described by Gershinowitz and Wilson,’ subse- 
quently modified.’ All spectral data were ob- 
tained at room temperature. Pressures of 4.7, 
2.6, and 0.5 cm of the gas were used. Since the 
vapor pressure of dimethyl mercury is only 6.5 
cm at room temperature, the absorption of the 
liquid was also measured, primarily to determine 
whether any bands were missing in the gas at 
the low pressures used. The liquid was run in a 
0.13-mm NaCl cell on a Baird Associates infra- 
red spectrophotometer.’° The absorption curves 
for gas and liquid are given in Figs. 1 and 2, 
respectively, and the band frequencies are sum- 
marized in Table J. The band at 1125 cm in 
the liquid spectrum, 1135 cm7 in the gas, ap- 
peared only in samples which had been exposed 
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to light for long periods of time and is attributed 
to an impurity formed by photo-chemical decom- 
position, perhaps CH;—Hg—Hg—CH;." The 
calibration of the Harvard spectrometer was 
checked during the period of operation, and the 
data from it are probably accurate to +2 cm 
at wave-lengths below 2000 cm and +5 cm 
above. For the Baird instrument, the calibration 
is well within the manufacturer’s maximum 
tolerances of +0.02 micron, or +1.0 cm at 
625 cm™ and +15 cm™ at 3000 cm. 

c. The Raman spectrum. Since Pai’s observa- 
tions’ of the Raman spectrum do not include 
polarization data, and the author was unaware 
of Fehér’s* work at the time, it seemed advisable 
to re-examine the Raman spectrum and make 
polarization determinations. The spectrograph 
used! will be described in detail elsewhere at a 
later date. The dispersion is approximately 
48.3A/mm in the region of the Hg 4358.3A line 
which was used as the exciting line in these 
experiments; shorter wave-lengths were elimi- 
nated with a Wratten 2A filter. 

Polarization data were obtained by the use of 
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Fic. 1. Infra-red absorption spectrum of Hg(CHs): gas. 


7H. Gilman and R. E. Brown, J. Am. Chem. Soc. 52, 3314 (1930). 
* H. Gershinowitz and E. B. Wilson, Jr., J. Chem. Phys. 6, 197 (1938). 


*W. L. Hyde, 1948 Ph.D. thesis, Harvard University. 


”W. S. Baird, H. M. O'Bryan, G. Ogden, and D. Lee, J. Opt. Soc. Am. 37, 754 (1947). 
"F, O. Rice and B. L. Evering, J. Am. Chem. Soc. 56, 2105 (1934). 


” W. E. Brown, 1948 Ph.D. thesis, Harvard University. 
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TABLE I. The infra-red spectrum of Hg(CHs)2, 
gas and liquid.* 


550 (8) 

675 (1) 

788 (9) 778 (10) 
1070 (2a) 1050 (2) 

1125 (1) impurity 
1205 (2a) 1190 5) 
1475 (6a) 1445 (8a) 
1735 3) 1720 (4) 
1980 1950 (1a) 
2390 5) 
2660 
2835 (6) \Only 2885 (10) unresolved 
2970 (10a) {partially 
resolved 

3660 (1a) 3630 (2a) 
3855 (0) 3840 (0) 
4150 (1) 4140 (2) 
4435 (1) 4400 (3) 


*a, bimodal band; the cm~ value is for the band center. The 
numbers after the band frequency are relative apparent intensities. 


Polaroid, separate exposures being made with the 


plane of polarization parallel to and perpen- . 


dicular to the axis of the Raman tube as sug- 
gested by Edsall and Wilson.'* Semiquantitative 
estimates of the degree of polarization were made 
by comparing microphotometer tracings of the 
|| and 1 exposures analogous to the method 


described by Crawford and Horwitz." The various 


results are included in Table II. 


2. Dimethyl Zinc 


a. Preparation of sample. Two samples of 
Zn(CH3)2 were used. The first of these was 
prepared by heating Hg(CHs;)2 with an excess 
of granular zinc in a sealed Pyrex tube at about 
185°C for five days. The other sample was fur- 
nished through the kindness of Professor E. G. 
Rochow. It had been prepared by the reaction 
between zinc and methyl iodide. 

b. Infra-red spectrum. The observed infra-red 
spectrum of the gas is given in Fig. 3, and the 
data are summarized in Table III, along with the 
results of Thompson, Linnett, and Wagstaffe.! 
The parts of the spectrum marked B were ob- 
served with the Harvard instrument at a gas 
pressure of 5 cm of mercury in a 30-cm cell with 
KBr windows. The region from 450 to 650 cm= 
was run with a KRS-5 prism in conjunction 
with a LiF mirror to reduce the amount of stray 
radiation. The region from 2700 to 3100 cm™ 
was run with the CaF, prism on the Harvard 
instrument to obtain some resolution of the 
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Fic. 2. Infra-red absorption spectrum of Hg(CHs): liquid. 


13 J. T. Edsall and E. B. Wilson, Jr., J. Chem. Phys. 6, 124 (1938). 
“ B. L. Crawford, Jr. and W. Horwitz, J. Chem. Phys. 15, 268 (1947). 
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C—H stretching frequencies. The balance of the 
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spectrum represents data from the Baird instru- 
ment on the gas at a pressure of 16 cm in a 
5-cm NaCl cell. 

The sample prepared from Hg(CHs3)2 showed 
a very weak band at 1135 cm~ which, however, 
was not present in the other sample, while the 
latter gave three additional bands readily at- 
tributable to CH;I. The data herein presented 
are those from the ‘‘Hg(CH;)2”’ sample, minus 
the 1135-cm~ band, which presumably is from 
the same impurity mentioned in connection with 
the infra-red spectrum of dimethyl mercury. The 
1450-cm— band is very weak, and the bands 
reported by TLW! at 1541, 1887, and 2105 cm 
were not observed at all, perhaps because of a 
smaller effective absorbing path. 


FREQUENCY ASSIGNMENTS 
1. Introduction 


There are two possible structures for the 
C—M-—C skeleton, linear or bent, the latter 
having C2, symmetry. For a linear model the 
methyl groups may be staggered, D3q; eclipsed, 
D3,; or there may be free rotation D3,’. The 
modes of vibration and the selection rules for 
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TABLE II. The Raman spectrum of dimethyl mercury (/).* 


This research 
Av 


Summary per FKL** 
Av 


156 


grating ghost obscures 

, Gp 
(0) 


(1) 

(20b, 0.23) 515 

(3b, 0.81) 700 
786 


1184 (6, 0.4) 
1246 (0)? 
1402 (1) 


2869 
2910 
2969 


(2d, dp) 
(4, 0.1) 


(1b, 0.26 ?) (3b, dp) 


¥*d, diffuse; b, broad; dp, depolarized; the numbers after Av are 
intensity and polarization, respectively. 
** See reference 4. 


these symmetries are available elsewhere ;! ™ Ds, 
and D3,’ are governed by the same rules.'® 

It is apparent that the symmetry is probably 
not Cs». Such a bent model allows 21 funda- 
mentals, all of which are active in both infra-red 
and Raman, while Tables V and VI, which 
summarize the data and assignments, list only 
seven coincidences between the Raman and infra- 
red spectra among over fifty frequencies. This 
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Fic. 3. Infra-red absorption spectrum of Zn(CHs)2 gas. 


6G. Herzberg, Infrared and Raman Spectra of Polyatomic Molecules (D. Van Nostrand Company, Inc., New York, 


1945). 
1¢ J. B. Howard, J. Chem. Phys. 5, 442 (1937). 


514 
vas 
: 1030 (0, 0.48) 
ess 1181 (12, 0.37) 
: 1392 (0, 0.65) 
ur- 1443 (0, 0.90) 
G. 1706 (00, 0.77) 
= 
\0.21) 
2965 
the 
fe.! 
ob- 
ith 
ion 
ray 
ard 
the 
the 
| | 
| 900 1200 1300 1400 
100 
| 
80 
60 
40 
20 
0 00 41004500 


TABLE III. The infra-red spectrum of dimethyl zinc (g).* 


This research 
617 (vs) 614 (10) 
704 (vs) 710 (10) 
1180 (s) 1190 
1305 (m) 1315 (5f) 
1350 (w) 1358 (2) 
1445 (vw) 1450 (0) 
1541 (w) 
1692 (m) 1700 = (2) 
1789 (mw) 1785 (1) 
1887 (vw) 
2105 (vw) 
2840 (8c) 
2924 (vs) 2935 (10a) 
3450 (s) 3445 (2) 
4167 (w) 4200 (1) 
4386 (m) 4400 (2a) 
5781 (w) 


*a, bimodal; f, has 2 shoulders; c, shoulder; the numbers and other 
letters after the band frequency indicate relative apparent intensities. 
** See reference 1. 


conclusion is supported elsewhere,!* and there- 
fore a linear model is assumed in all subsequent 
discussion. 

Of the three linear configurations, the eclipsed 
D3, form is eliminated by the generally accepted 
nature of the physical interactions restricting 
rotation. The Dzq symmetry differs from the 
D3;,’, the selection rules and vibrational modes 
for which are given in Table IX, in not allowing 
the E’ fundamentals to be Raman active. The 
coincidences between Raman and_ infra-red 
spectra ascribed to vg and vo for dimethyl 
mercury and yg, v9, and v9 for dimethyl zinc as 
well as the appearance of the very low Raman 
frequencies at about 150 cm, which seem 
assignable only as vy, favor the D3,’ model. 
The rules governing the species of combination 
bands for this symmetry (also D;,) are given in 
Table IV. 


2. Frequency Assignment for Dimethyl Mercury 


Considering first the fundamental frequencies, 
the polarized Raman lines at 2910, 1182, and 
515 cm= can be only the A,’ vibrations. The 


TABLE IV. Combination table for Ds, symmetry. 


A A A A E' E” 

A A "4 A A E"” E’ 

A A 1’ A E' 

A A E” E’ 

E' A;'+A2'+E’ 
E” 
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high intensity and sharpness of these bands are 
in keeping with this assignment. The designation 
of the frequencies as 71, v2, and v3, respectively, 
is unambiguous, since the values for »; and v2 
are typical of the methyl group and 7; is in the 
range expected for the skeletal stretching. 

The coincidence in Raman and infra-red fre- 
quencies at 2966 cm7 is readily assigned as the 
E’ C—H stretching vg, excluding Fehér’s doubt- 
ful finding that the line is polarized. Although 
the 1475 cm vibration appears only in the 
infra-red, the E’ CH; deformation generally is 
found very close to this value, and the band is 
accordingly designated as v9. From intensity 
considerations, both the 788 and 550-cm~ infra- 
red bands are probably fundamentals. The 550- 
cm band is too low to be a methyl vibration, 
and since the 786-cm~! Raman line coincides 
with the 788-cm~ infra-red band, the coincidence 
is assigned as the CH; rocking v1. The only 
frequency assignable as the C—Hg—C bending 
vi1 is the 156-cm— line observed in the Raman. 


Although Pai> observed a Raman line at 255. 


cm~!, this has been shown to be spurious,* and 
hence the 155-cm™ line is the only frequency 
available in the expected bending range. 

The remaining Raman frequencies must be 
assigned as the £”’ fundamentals, as combina- 
tions, or as overtones. The 2869-cm™ line is 
probably the C—H stretching v2. The assign- 
ment of the 700-cm~ line as the CH; rocking 
vi4 is in accord with its observed depolarization, 
and the value agrees with the corresponding 
vibration of EZ’ symmetry. This leaves only the 
CH; deformation, 713, unassigned and the lines 
at 1030, 1252, 1397, and 1443 cm from which 
to choose. The 1030-cm~ line is low for »13 and 
has a polarization of 0.48 which confirms the 
assignment of it as the overtone 27; (1030 cm-). 
The 1252-cm line is of doubtful reality and 
furthermore could be attributed readily to 714 
(1250 cm). The choice between 1397 and 1443 
cm is a more difficult one. Both can be assigned 
as combinations: 1397 as 2714 (1400 
and 1443 as v7+ 719 (1437 cm). Because 
vi3 is depolarized, the polarization data do 
recommend to some extent the 1443-cm~ line. 
Moreover, in general EZ’ and E”’ CH; deformation 
frequencies are not widely separated. Accordingly 
v13 is assigned as the 1443-cm™ Raman line. 
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TABLE V. Observed frequencies, assignments, and calculated frequencies for combination bands of dimethyl mercury. 


Infra-red (g) Raman (1) Calc. Freq. 
Av Assignment Species for combinations 
156 (1) 
515 (20, 0.30) vs 
550 (8) v7 
675 (1) E’ 671 
700 (5b, 0.81) 
788 (9) 786 (0)? 
1030 (0, 0.48) 2vs Ay’ 1030 
1070 (2a) vatrr A,” 1065 
1182 (12, 0.38) 
1205 (2a) 
1252 (00)? vitvus E' 1250 
1397 (0, 0.65) 1400 
1443 (0, 0.90) V13 
1475 (6a) v9 
1706 (00, 0.77) votvs Ay’ 1697 
1735 (3) A,” 1732 
2341 (0) Ay" +A2"+3E” 2340 
1980 (0a) vetvio E' 1969 
2390 (5) A,” 2387 
2660 (0) E’ 2657 
2869 (2d, dp) Vi2 
(2880) (6) 
2910 (6, 0.1) "1 
2970 (10a) 2965 (3b, dp?) vs 
3660 (1a) viotrie; vetvis A +A 2’+E” 3656; 3666 
3855 (0) Ay'+A +E’ 3853 
4150 (1) E’ 4148 
4435 (1) A;'+A2'+E’ 4441 


The A.” fundamentals are to be drawn from 
the remaining infra-red bands. The value of the 
C—H stretching, »;, is complicated by the 
overlapping of it with vs, and possibly with 273. 
The band maximum at 2835 cm is hardly 5, 
since the latter is a || type band which should 
show definite P, Q, and R branches. The L 
band, vs, is a band formed by the unresolved Q 
branches of the sub-bands against the weaker 
background of scattered P and R lines; this 
results from J4/Jg being small. It appears 
possible that the shoulder at 2835 cm~ is the P 
branch of v;, with the Q and R branches over- 
lapping vs. Such an interpretation gives an 
estimated value of 2880 cm— for vs. The CH; 
deformation, vs, might be either the 1070 or 
1205-cm~ band, which are the only unassigned 
bands in the appropriate range. The 1070-cm™ 
band is interpretable as the combination »3+ 7 
(1065 cm), whereas no such interpretation 
presents itself for the 1205-cm— band; assign- 
ment of it as v3+v14 (1215 cm=) violates the 
selection rules. This, as well as the higher 
intensity of the 1205-cm— band, suggests its 
assignment as vs. The chief objection to this 
assignment is that the 1205-cm~ band does not 


exhibit a Q branch which is predicted for a || 
type band in symmetric top molecules.!7 How- 
ever, I4/Ip is small in dimethyl mercury, and 
the Q branch should be correspondingly less 
intense though perhaps not completely missing. 
Moreover, the separation of the maxima of the 
P and R branch band envelopes is 14 cm™, 
which agrees well with the value of 13.5 cm= 
computed for vs at room temperature from Iz, 
so vs is assigned as 1205 cm. The strong band 
at 550 cm must be the C—Hg—C stretching, 
vz, which value agrees well with the assigned 
value for the corresponding symmetrical stretch- 
ing, v3 All other observed bands have been 
readily assigned as combinations or overtones, 
obeying the selection rules, for which the calcu- 
lated frequencies agree well with the experi- 
mental values as listed in Table V. 


3. Frequency Assignment for Dimethyl Zinc 


Initial normal coordinate calculations, as well 
as a qualitative comparison of the dimethyl 
mercury spectra with the frequency assignment 
proposed earlier for dimethyl zinc,! suggested 


17See G. Herzberg, reference 15, p. 414 et seg. for a 
detailed description of the band envelopes expected. 
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TABLE VI. Observed frequencies, assignments, and calculated frequencies for combination bands of dimethyl zinc. 


Raman (1) 
Av 


Infra-red (g) 


Calc. freq. 


Species for combinations ycm~1 


1) 

1)? 
(20b, 0.18) 
(3b, 0.80) 


(00) ? 
(00) 


615 (10) 

(10) 
V3 
(0) 
(15, 0.32) 
(0) 
(0) 
(00) ? 
00) V9 


(Sa) 


(00) ? votvs 
votvr 


vistrio 


2833 (1/2b) 


2898 0.05) 
2948 (1b, 0.61) 


(2870) (8) 
2935 (10a) 
3448 
4185 (1 


4393 (2a) 
5781 (1) 


(v14— 


2014 


vr tvs 


A,"+A 476 


Ay’ 

E” 
E’ 

A;'+A,’+E’ 


A +A 
Ay’ 

A 

A 

E' 

A +A 


A;'+A’+E’; 
A;'+A,/+E’ 
A,” 


4175; 4180 


4384 
5772 


that the latter required revision. The infra-red 
spectrum of dimethyl zinc was reinvestigated 
primarily to determine if any band was present 
in the observable region below 600 cm™, which 
is the limit of the earlier work.! Table VI 
summarizes the various available data and gives 
the assignments arrived at herein. 

The general criteria for the frequency assign- 
ment are the same as for dimethyl mercury, and 
only the specific arguments will be considered 
here. Regarding the fundamentals, the absence 
of any infra-red band in the 430 to 615-cm™ 
region requires that the 615-cm~ infra-red band 
be assigned as v7, the A2’’ C—Zn stretching, in 
order to obtain a C—Zn force constant consistent 
with that from v3, the assignment of which can 
hardly be questioned. The coincidence with the 
620-cm-! Raman frequency is ascribed as an 
accidental degeneracy, and the assignment of 
the latter to the E”” CH; rocking 14 is indicated. 
The 707-cm— infra-red band originally assigned 
to v7 is transferred to the E’ CH; rocking 70. 
The A,’ Raman assignments of TLW'! are con- 


firmed by the later polarization measurements.‘ 
These assignments and also vg and vy are 
unchanged. It appears preferable to change the 
assignment for the E’ CH; deformation 15. 
This vibration, involving the H—C—H angular 
distortion, usually appears in the 1450-1475-cm™ 
region and can be assigned to the coincidence 
between Raman and infra-red spectra at 1447 
cm~!. should be in the region 12-1400 
and of the four Raman lines reported therein, 
the 1388-cm—! value appears most likely. As in 
dimethyl mercury, the assignment of the A,” 
C—H stretching frequency is complicated by 
the overlapping of the infra-red bands. Em- 
ploying identical arguments in this case, v5 is 
assigned the value 2870 cm. The resolution of 
the C—H stretches in Fehér’s Raman data and 
his polarization measures permit the assignment 
of v1, vs, and v2 as 2898, 2940, and 2833 cm™, 
though the value for v1. seems low. As a matter 
of fact, the 2833-cm™ line is interpretable as 
vg+v13 (2832-cm-) but is assigned as 112 for the 
lack of anything better. 


a 
Assignment 
144 4 
488 P11 
504 V3 
899 
1008 E 
1124 
1 
1211 
1235; 1240 
1 1304 ~ 
1 1355 
1 
1541 1532 
1648 1662 
1696 1689 a 
1787 (1) 1773 
1887 (00)? ma 1865 st 
2105 (00)? P| 2095 fr 
vie 
V5 
vg 
3444 st 
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di 
di 
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TABLE VII. G matrix for CH;—M —CH;.* 


2v2 


Sone 


—va(« +2 


2 
Pun 


4 


16 
3 “~~ 
2v3 


v3 
2€a(ue+2um) 


* p=(1/C—H) =(1/d); e=(1/C —M) =(1/D); a for 44" Bh. 


The remaining bands have all been assigned 
as combinations or overtones which obey the 
selection rules and for which the computed 
frequencies agree fairly well with the observed 
values. The calculated frequencies for several of 
the doubtful combination bands is not very good, 
suggesting that some of them might not be real. 


NORMAL COORDINATE ANALYSIS 


The methods developed by Wilson" have been 
used throughout this section. The internal co- 
ordinates a, B, y, 7, and 7» are defined as small 
displacements in the H—C—H, H—C—M, 
C—M-—C bond angles and C—H, C—M bond 
distances. Symmetry coordinates, normalized, 
orthogonal, linear combinations of these internal 
coordinates, transforming according to the ap- 
propriate irreducible representations of the group 
Ds, were obtained by a simple extension of the 
method used by Meister and Cleveland.” The 
redundancies resulting in the A,’ and A,” factors 
were removed by setting one symmetry coordi- 
nate in each factor identically equal to zero, 
expressing the condition that the sum of the 
angle changes in each methyl group is zero. 
The general factored G matrix, obtained for Ds, 
symmetry, is given in Table VII, and the 
diagonal terms of the corresponding valence force 
F matrix in Table VIII. In the F matrix sub- 
script 2 refers to methyl-methyl interactions, 
and the primes indicate those interactions in- 

18 E. B. Wilson, Jr., J. Chem. Phys. 7, 1047 (1939); 
ibid. 9, 76 (1941). 


1” A. G. Meister and F. F. Cleveland, Am. J. Phys. 14, 
13 (1946). 


volving staggered atoms. As a check, the F and 
G matrices were determined independently using 
Lippman’s method.” 

In computing the numerical values of the G 
matrix, tetrahedral bond angles were assumed 
for the methyl groups. 1.10A was adopted as 
the C—H bond distance, d,”" and 2.20A was 
used for the C—Hg distance, D.” No direct 
measurement of the C—Zn bond distance ap- 
pears to be available, and an estimated value of 
2.05A was introduced. This was obtained by 
taking the sum of the covalent radius of zinc in 
the metal crystal and the covalent radius of 
carbon™ and estimating a correction for the 
higher covalent radius of zinc in the metal 
crystals by analogy to mercury. The 1942 values 
of the International Committee on Atomic 
Weights were used. The conversion factor 5.8905 
used in transforming cm™ to corre- 
sponds to Birge’s 1941 table of fundamental 
constants. 

The computed and observed fundamental 
frequencies are listed in Table IX; the numerical 
F matrix elements used in the calculations, as 
well as the force constants identified therewith, 
are given in Table VIII. Considering the prob- 
able effects of anharmonicity and the differences 
between the vibrational frequencies in the liquid 


* Caro W. Lippman, Jr., unpublished. See reference 26 
for a synopsis of the method. 
. W. Simmons, W. Gordy, and A. G. Smith, Phys. 
Rev. 74, 243 (1948). 
21. 0. Brockway and H. O. Jenkins, J. Am. Chem. 
Soc. 58, 2036 (1936). 
%L. Pauling, Nature of the Chemical Bond (Cornell 
University Press, Ithaca, New York, 1940), second edition. 
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TABLE VIII. F matrix and force constants.* 


Numerical values 


General diagonal terms Hg(CHs): Zn(CHs)s 
AY Fu 4.79 4.79 X105 
(d?/2){ (fa+fs) +2(faa+fes) +c} 10-4 0.375 X 10-2 
Al! Fss 479 x105 4.79 X105 
Fee | +2 feat foe) 0.406 x 10-4 0.390 x 10-4 
Fru —fan 2.45 108 2.39 10° 
E' fr 4.55 X105 4.55 105 
F d?( fp 0.41 0.3 
D? 0. 0.2 
4. 4.5 
0. 0.5 
0. 0.2 


14-14 
fr dynes/cm 

dyne cm/radian 
fear tf 


aa? —faar’ 


@?( {682 —f6B2') 


Force constants 


AS 
0.530 


0.359 0.274 
0.457 0.276 
—0.031 0.001 
—0.016 —0.021 
0.031 0.033 
0.012 0.021 
0.042 0.037 


C +2 +661); d =—2(2fap 


Raman spectrum and the gaseous infra-red 
spectrum, the number of significant figures given 
for several of the force constants is too large. 
They are given as being the actual values used. 
In the determination of the force constants, the 
higher frequencies were successively split out 
of a given factor. These constants were then 
substituted in the expanded secular equation and 
the frequencies computed. Successive approxi- 
mations were made to the force constant, till 
the computed frequencies .agreed with the ob- 
served values. 

There are insufficient data to evaluate many 
of the interaction constants explicitly. In view 
of this it seemed preferable to disregard all off- 
diagonal elements in the F matrix. The off- 
diagonal element f.,—fs, appears in the A,’ and 
A,’’ factors and is usually considered to be of 
physical significance. Its evaluation depends on 
first assigning values to the diagonal elements, 
for which in this case there appear no @ priori 
means. The introduction of typical values found 
in other cases for fay—fg, has little effect on f, 
and increases Fx. and Fe. by only about 2 
percent. Analogous reasons led to the neglect 


* B. L. Crawford, Jr. and S. R. Brinkley, Jr., J. Chem. 
Phys. 9, 69 (1941). 


of the fag terms in Fes. The A,’ C—H Fy; value 
of 4.79 10° dynes/cm is from ethane,” and the 
value of 0.530 X10-"'-dyne cm/radian for d?fq is 
from the results of Decius for the methyl 
halides. The C—H frequencies are fitted moder- 
ately well by using the diagonal element f,,. 
The remaining systematic deviations indicate 
the fit could be improved somewhat by intro- 
ducing small frre and frre’ terms of dubious 
physical significance. Similarly, f,, is neglected 
because of its small magnitude, although values 
could be assigned by fitting v3; and v4 exactly. 
Subject to the effects of omitting fa,—fpn, fas; 
and the off-diagonal elements, several of the 
methyl vibration interaction terms were evalu- 
ated. The end-end interactions are determinable 
only as the combinations given in Table VIII. 


DISCUSSION 


On the basis of a simple bond orbital analysis® 
the C—Hg—C skeleton of dimethyl mercury 
would be expected to be linear because of 
hybridization of the 6s mercury orbital with the 
6p orbitals to give the two bond orbitals of 
maximum strength 1/v2(S+P,), 1/v2(S—P:) 


6 F, Stitt, # J. Chem. Phys. 7, 297 (1939). 
36 J. C. Decius, J. Chem. Phys. 16, 214 (1948). 
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TABLE IX. Observed and computed fundamental frequencies. 


Di’ 


Dimethyl mercury 
Obs. Comp. 


Dimethyl zinc 
Obs. Comp. 


% Dev. 


A,’ C-—H stretching 

RP CH; bending 

C—M-—C stretching 

torsion 

stretching 

CH; deformation 

C—M-—C stretching 

E’ C-H stretching 

R CH; deformation 

IR, | CH; rocking 
C—M-—C bending 

E” C=-H stretching 

R CH; deformation 
CH; rocking 


2910 
82 


A 


2882 
1181 


—0.96 
* 
—0.58 
+0.10 

—1.52 


+1.85 
+ 


2898 


* Used in computing force constants. 


which are linear along the x axis. The same 
reasoning applies to zinc where the hybridization 
is between the 4s and 4p orbitals. Brockway 
and Jenkins* were not able to draw any conclu- 
sions regarding the linearity of dimethyl mercury 
from their electron diffraction investigations 
because of the high background of atomic scat- 
tering. The generally accepted linear configura- 
tions for the mercury, cadmium, and zinc halides” 
is indirect support for the linearity of the 
dimethyl compounds. However, the strongest 
evidence bearing on the linearity of these mole- 
cules comes from the lack of any appreciable 
number of coincidences between the infra-red 
and Raman spectra. A bent model requires that 
all fundamentals be active in both infra-red 
and Raman spectra, yet, among over fifty ob- 
served frequencies, there are only seven coinci- 
dences. TLW! conclude in their frequency assign- 
ment for dimethyl zinc that it is linear, and the 
additional data obtained since then confirm 
their conclusion. Moreover, the results of the 
normal coordinate analysis provide further cor- 
roboration of the linear structure. 

The low values assigned the skeletal bending 
are perhaps a bit surprising. Indeed, Kohl- 
rausch?® assumes the Raman lines in the vicinity 
of 150 cm do not belong to the vibrational 
spectrum. However, the bending frequencies 
must lie below 400 cm=, and no other values are 


*7See G. Herzberg, reference 15, p. 287 for references 
to the pertinent literature. 

8K. W. F. Kohlrausch, Ramanspectren (Becker and 
Erler, Leipzig, 1943), p. 182. 


available for the assignment. A D3 configuration 
would give the molecules a center of symmetry 
and make the bending inactive in the Raman, 
but the other observed coincidences preclude 
this possibility. The lines may be interpreted as 
combination bands: vz:—2v3 for both dimethyl 
mercury and zinc, and also as »14— v7 for dimethyl 
mercury. The normal coordinate analysis sug- 
gests that the low frequencies do correspond to 
the bending, for the values of D?f, are of the 
same magnitude as dfs. Verification of the 
assignments could be made by observing the 
region in the infra-red with the aid of residual 
rays; the suggested combination for dimethyl 
zinc is only Raman active. 

The extent of the rotational freedom of the 
methyl groups is an intriguing problem. The 
coincidences between the Raman and infra-red 
spectra in EZ’ and the proposed interpretation of 
the low Raman frequency as the skeletal bending 
require D3,’ or D3, symmetry. The latter is ruled 
out by the generally accepted views regarding 
the nature of the interactions restricting rota- 
tion,?? leaving essentially free rotation as the 
most likely interpretation. The questionable 
appearance of vy and v9 in the Raman spectra 
may result from either the inherently low in- 
tensity of EZ’ Raman lines or from only partial 
relaxation of the selection rules because of small, 
but still finite, hindrance to free rotation. The 
fine structure of the . infra-red bands is 
another possible means of investigating the 


227E. N. Lassettre and L. B. Dean, Jr., J. Chem. Phys. 
16, 151 (1948). 
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rotational restrictions. Heat capacity data 
might also profitably be obtained. 

The results of the normal coordinate analysis 
appear to be satisfactory, bearing in mind the 
reservations made in the frequency assignments. 
Nineteen force constants, two of which are from 
other molecules, are used in computing twenty- 
six frequencies, with a root-mean-square devia- 
tion of 1 percent for the ten frequencies not 
directly used in determining the force constants. 
A comparison of the force constants d?fg and 
D?f, suggests that dimethyl zinc is a more readily 
deformable molecule than dimethyl mercury, a 
result perhaps of greater ionic character in the 
C—Zn bonds. d?faa is also appreciably smaller 
for dimethyl zinc perhaps for the same reason. 
The magnitudes of the interaction terms are of 
the same order as values reported for similar 
interactions elsewhere, except f;,, which in 
methane derivatives appears to have a lower 
value of about 0.03 X 10° dynes/cm.” 

In more complicated molecules it often be- 
comes expeditious to consider groups as units in 
deriving force constants or assigning frequencies, 
and a comparison of the more exact values for 
fy, and f,, obtained from the normal coordinate 
analysis, with the results from such an approxi- 
mation affords a check on the accuracy of the 
approximation methods. Using the general for- 
mulae for a linear X Y2 molecule and M,=15, 
values for f, and f, were computed from the 
corresponding assigned frequencies. The results 
in units of 10° dynes/cm are tabulated below 
along with the normal coordinate values for 
comparison. The agreement is surprisingly good, 
with the X Y2 values consistently low. 


Zn (CHs)2 

2 n.c. n.c. 
F, P3 2.35 2.26 2.39 
F, V7 2.32 2.45 2.29 _— 
Sy vin 0.094 0.095 0.063 0.066 


J. B. Howard, J. Chem. Phys. 5, 451 (1937). 


The correlation of force constants with atomic 
parameters is of considerable interest. Re- 
cently, Gordy*® has suggested a semi-empirical 
expression that appears to have fairly wide 
applicability. The stretching force constant k, in 
10° dynes/cm is given as k=aN(X4X3p/d*)'+, 
where a and 0 are empirical constants having the 
values 1.67 and 0.30 for stable molecules in their 
normal covalent state. N is the bond order, X 4 
and Xz are the electronegativities of the bonded 
atoms, and d the bond distance in angstroms. 
Using Gordy’s values for X (Hg 1.0, Zn 1.2, 
C 2.55) and 2.20 and 2.05A for the C—Hg and 
C—Zn bond distances, and N=1, his equation 
gives 1.33 and 1.62 for the C—Hg and C—Zn 
force constants, contrasting with the directly 
obtained values 2.45 and 2.39. A partial expla- 
nation is available in that the electronegativities 
Gordy uses for Hg and Zn may be incorrect. 
Substituting the observed force constants in 
Gordy’s equation, electronegativities of 2.66 and 
2.22 are computed for Hg and Zn, respectively. 
These values agree better with those from 
thermal data, 1.9 and 1.5 for Hg and Zn,*' than 
with those proposed by Gordy, but appear 
definitely to be too high, suggesting the possible 
importance of other factors in the poor fit 
between the experimental and predicted force 
constants. 
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The infra-red spectrum of C:H, gas has been studied in 
the region between 1.6 and 13 with a spectrometer of 
high resolving power. From measuréments on four resolved 
|| bands the value Igo= (42.234+0.011) g cm? has 
been obtained for the large moment of inertia in the 
ground state. From measurements on the three funda- 
mental | bands the best value at present available for 
the small moment of inertia is I4=10.81X10- g cm? 
Because of uncertainties concerning the perturbations of 
degenerate state vs, of which a semi-quantitative explana- 
tion which is apparently basically correct has been ob- 
tained, this value is provisional but appears to be fairly 
reliable. With these values of Igo and Ia, if one assumes 


C—C=1.55A, one obtains C—H=1.098A and 
= 109° 3’. From the considerations of the perturbations 
of state vg and of the frequencies and line spacings of the 
combination | bands, spectroscopic evidence indicating 
that the configuration of C2H, is staggered (point group 
D3a) has for the first time been obtained. Also from these 
considerations the reliable value »g=1472.2 cm and 
the values »,=290 for the torsion frequency and 
vi2= 1190 for the “uncertain” frequency have been 
obtained. The latter two values are perhaps somewhat 
more reliable and not inconsistent with values obtained 
previously by other methods. These and other results are 
summarized in Figs. 1 and 14 and in Tables XII-XV. 


I. INTRODUCTION 


HIS report deals with the results of experi- 
ments on the near infra-red spectrum 
between 1.6 and 13u of CoH¢ gas performed at 
Princeton University before the recent war with 
a spectrometer of high resolving power. A pre- 
liminary account of some of these results was 
given at the Princeton meeting of The American 
Physical Society in December 1941 by Smith 
and Woodward.! Also, some of the results were 
recalculated for inclusion in Professor Herzberg’s 
latest book.” All values reported here have been 
re-examined and analyzed more thoroughly than 
previously and are slightly different from those 
reported in either reference 1 or reference 2. 
Previous investigations of the Raman and 
infra-red spectra and of the heat capacity of 
CH, and C2D, have yielded values of the twelve 
fundamental frequencies of each molecule, which 
are for the most part quite reliable, but have 
failed to determine whether the configuration 
of each is staggered (point group D3q) or eclipsed 
(point group D3,). These results are well sum- 
marized by Herzberg*® who points out that some 
chemical evidence favors the staggered configur- 


1L. G. Smith and W. M. Woodward, Phys. Rev. 61, 
386A (1942). 

*G. Herzberg, Infrared and Raman Spectra of Polyatomic 
— (D. Van Nostrand Company, Inc., New York, 

45). 

® Reference 2, p. 342. 


ation.‘ The experiments described here add con- 
siderable detailed data to these results because 
of the greater resolution employed than by 
others, particularly in the case of weaker combi- 
nation bands, because many spectra of C2H¢ gas 
at temperatures between —80°C and —100°C 
were obtained for the first time and because 
atmospheric absorptions were for the most part 
effectively removed from the spectrometer. 

A level diagram of the twelve fundamental 
vibration states of C2H¢ based both on the results 
of previous investigations and on those to be 
described here is shown in Fig. 1 wherein the 
states are divided into five symmetry classes 
which are designated at the bottom of the 
diagram by the usual symbols for both point 
groups and In Fig. 1 and throughout 
this paper the notation for the twelve vibrations 
given in reference 3 is employed. The frequency 
values in Fig. 1 are essentially the same as those 
given in reference 3 except in the cases of v4, vg 
and Vi2. 


II. EXPERIMENTAL 


The ethane used in these experiments was 
very kindly prepared by Professor John Turke- 
vich of the Princeton Chemistry Department by 
hydrogenation of ethylene. Unfortunately no 
record of the purity of the ethane was kept but 

‘The staggered configuration is also favored by the 


recent theoretical considerations of E. N. Lassettre and 
Laurence B. Davis (J. Chem. Phys. 16, 151 (1948)). 
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Fic. 1. Level diagram of the twelve fundamental 
vibrational states of C:Hs. The wave number values (in 
cm~') are considered the best now available in the light of 
previous results and those reported here. 


no evidences of the strong absorptions of any 
likely impurities were found. 

The prism-grating spectrometer and associated 
carbon rod source and fixed absorption cell 
(133 mm long) together with the methods em- 
ployed for removing water vapor and CO, from 
the optical path, for cooling the cell, for obtaining 
automatic photographic records of galvanometer 
deflection vs. angular position of the divided 
circle and hence vs. wave number and for 
periodically recording the zero position of the 
galvanometer on these records have been previ- 
ously described.’ Spectrograms of nearly all 
regions in which infra-red absorption by ethane 
gas has been reported by other investigators as 
well as of a region between 5700 and 6000 cm 
not previously studied have been obtained with 
this equipment and these techniques with the gas 
at room temperature. In addition spectrograms 
of the regions below 1600 cm™ and those 
between 2600 and 3500 cm— have been obtained 


5L. G. Smith, Rev. Sci. Inst. 13, 54, 63 and 65 (1942). 
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with the gas at a temperature near —100°C. 
Spectrograms of each region studied are repro- 
duced in Figs. 2-12 from tracings made from the 
original photographs. The value of pressure 
recorded in each of Figs. 2-12 represents that of 
the gas in the cell at room temperature (not, in 
the cases of the low temperature runs, of this gas 
at the reduced temperature). The 7200 line/inch 
and 1800 line/inch, replica, echelette gratings 
used throughout this work were made by Pro- 
fessor R. W. Wood and each had a ruled surface 
4 inches high by 6 inches wide. Each grating 
was calibrated with the third and fourth doublets 
in the P branch of the fundamental H Cl band 
at 3.46u observed in the first order with the 
7200 line/inch grating and in the third order 
with the 1800 line/inch grating. The wave num- 
bers of the four lines were obtained from smooth 
curves for the entire H Cl band fitted to the 
data of Meyer and Levin’ in the manner de- 
scribed by Herzberg.® 

It is evident on comparison of Fig. 3a with 
Fig. 3b and of Fig. 9 with a spectrogram (not 
shown) of the same region with the gas at room 
temperature that reliable measurements of the 
wave numbers of the rotation lines of the 
fundamental || bands v¢ at 1379 and 54 at 2896 
cm can only be obtained with the gas at low 
temperature. This is undoubtedly due to appreci- 
able population at room temperature of the 
lowest excited states of the low lying torsional 
vibration vs By undergoing transitions from 
states nv, to states and mole- 
cules cause absorption at frequencies very nearly 
but not exactly the same as those undergoing 
transitions from the ground state to states vs 
and v5. Except in the case of _ band vg where 
a few isolated peaks appear to be strongly 
temperature sensitive, the fine structures in other 
regions below 1600 cm and between 2600 and 
3500 cm were not found to be markedly 
different at the two temperatures, though in 
general the absorption peaks were sharper at the 
lower temperatures. 

6 In the case of Fig. 2b the curve was replotted from 
the original photograph which was marred by bad zero 
drift. Hence in this figure the dashed zero line is straight 
and horizontal. 

7™C. F. Meyer and A. Levin, Phys. Rev. 34, 44 (1929). 

8 G. Herzberg, Molecular Spectra and Molecular Structure 


I. Diatomic Molecules (Prentice-Hall Inc., New York, 
1939), p. 60. 
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1800 Lines/inch 
2% Order 


*P=139 mm Hg 
T=#25.5 °C 


Fic, 2a. Record of fundamental 1 band »s with gas at room temperature. 
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1700 1720 1740 


P= 1500 mmHg 
T-#25.5 °C 
7200 Lines/inch 
1* Order 
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Fic. 4. Record of combination 1 band at 1747.1 cm-. A few water vapor peaks, present because the spectrometer 
was not well dried when this record was taken, have been subtracted from the original record of absorption due to both 


and water vapor. 


It is further evident from Fig. 6, wherein is 
shown a background run with no gas in the cell, 
that measurement of the || band at 2369 cm— 
would be impossible without very complete 
removal from the spectrometer of atmospheric 
CO. Studies of the bands vs and vs, both shown 
in Fig. 3, require not only low temperature (at 
least in the case of vg) but also thorough removal 
of water vapor, as a comparison of Fig. 4 of 
reference 5, which was obtained over the same 
spectral region, will show. Water vapor absorp- 
tion is practically negligible in the case of Fig. 3b, 
though it is not completely negligible in Fig. 3a 
wherein lines drawn down from the zero line 
indicate the correct positions and roughly the 


correct intensities of interfering water lines. 
(No correction of the observed spectra for water 
vapor absorption” has been made in Fig. 3a or 
Fig. 3b.) Absorption by water vapor caused 
some interference in the region shown in Fig. 4. 
.In this case the water lines have been subtracted 
from the absorption resulting from both water 
vapor and ethane. 

In Tables I-XI are given values of the wave 
numbers (all corrected to vacuum) of the ab- 
sorption peaks shown in Figs. 2-12 measured 
from the original photographic records. Also 
given where possible are values of J” and J’ for 
the lower and upper states respectively of || 
bands and of K” and K’ for | bands assigned 
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P= 1500 mm 
7200 Lines/inch 
1* Order 


Slit =0.2% em’ 


Galv. Deft. 


2240 2280 2320 


(b) 


2200 


Fic. 5. Record of combination | bands at 2021.6, 2218.0 and 2277.1 cm-!. Some lines of the fundamental band of CO 
are present because of a slight leak in the carbon rod source. Of these lines, P(8) and R(9) are marked. 


in accordance with the reasonings discussed 
below. In the cases of the absorption regions 
shown in Figs. 4, 5 and 12, of which unfortunately 
only preliminary records were made, the calibra- 
tion lines were placed on the photographic records 
by an automatic contactor and hence the wave 


numbers given in Tables III, 1V and XI are some- 
what less reliable than in other cases where calibra- 
tion lines were put on manually, because of errors 
in the worm wheel that drove the divided circle. 
This plus the fact that in Fig. 5b the angular 
interval between calibration lines was quite large 
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Fic. 7. Record of the combination | band (or bands) near 2653 cm™. 


doubtless accounts for the discrepancies between 
values of the wave numbers of lines 57-60 in 
Table IV and those of the same lines (2-5) in 
Table V. 


Ill. || BANDS AND THE LARGE MOMENT OF 
INERTIA Iz 

The rotational fine structures of four || bands 
have been resolved. These are: the fundamental 
band v¢ at 1379 cm~ (Fig. 3); the combination 
bands at 2369 cm= (Fig. 6) and 2753 cm~ (Fig. 
8) which doubtless correspond respectively to 
and and the low frequency compo- 
nent of the doublet 2896 —2955 (Fig. 9) 
generally attributed to Fermi resonance between 
the fundamental state v; and the combination 
state vg+yr11. 


To determine ‘‘best’”” values of vo, the band 
origin, and of the differences in rotational con- 
stants B’— By and D’—D, for each of the four || 
bands, values of 4{R(J—1)+P(J)] were fitted 
by least squares to the theoretical quadratic 
function® of J?, 


— Bo) 
(1) 


In the cases of bands v6, vg3t+v—e and vo+ve, 
(D’—Dy) was entirely negligible. However, this 
was not so in the case of band 5a. 

In order to determine a “best” value of Bo, 


9Here, as elsewhere in this report, the notation is 
essentially that used throughout references 2 and 8, the 
subscript 0 instead of the superscript ’’ is used on rotational 
constants of the ground state and J=J”. 
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a value of Do was first calculated . 
with the aid of the potential 
function involving three force 
constants given by MHoward.!° 
This constant Do, which measures 
the degree of centrifugal stretch- 
ing of the rotating, non-vibrat- 
ing molecule, is given in general 
for a linear or symmetric top 
molecule by the expression 


167°c?B,? (= po 2V 


= 


where Jgo is the moment of in- 
ertia of the non-rotating (and 
non-vibrating) molecule about an 
axis perpendicular to the sym- 
metry axis, c is the velocity of 
light, and w is the angular rota- 
tion frequency, and where 6J zo is 
the change in Jgo and V the 
potential energy, both caused by 
the centrifugal stretching. For the 
particular case of ethane and 
Howard’s potential function this 
becomes 


m? sin?a(1+3 cosa) 
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where, M and m are respectively 
the masses of the carbon and 
hydrogen atoms, a, 6 and a@ are 


” J. B. Howard, J. Chem. Phys. 5, 442 
(1937). J 
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Fic. 10. Record of the combination | band at 3257.8 cm-? showing in addition what may be combination || bands 
(peaks 1 and 31) as well as other peaks which may be due to combination | bands. 


respectively the equilibrium values of the C—C that the HCC and HCH angles are tetrahedral 
distance, the C—H distance and the supplement (cosa=}), that @=1.55A, b=1.10A, Ki, Ke 
of the HCC angle, and Ki, K2, Ks are the force and K; have the values given by Howard, 
constants given by Howard. Since only Bo=0.6626 and Igo=42.23X10-*° g cm?, 
approximate values of the parameters need be These values are consistent with the final results 
used to determine Do. Hence it was assumed of the measurements. 


151 

| 

Bx 

| 

| | | 

| | 


OSth OSth 


wt 
SST AL 
*H™“ 0b9ed 


= 
° 
Z 


Lo 


152 
1 w 
> 
‘ Fal > 
\ 
> | 
\ 4 
\ 
\ 
E | 
v 
> 
\ 
\ 
‘ + 
> 
\ 
= Va 
\ th 
: \ 
A; 
\ 
a 


INFRA-RED SPECTRUM OF 


| 


5700 5800 


1400 
T=25.5 °C 
7200 Lines/inch 
274 Order 


| Slit =0.67 cm" 


| 
| 


| 


5850 5900 5950 6000 


Fic. 12. Record of absorption between 5700 and 6000 cm=. 


With the value of Do obtained thus a “‘best’’ The measured values of these quantities together 
value of Bo was determined by fitting by least with the least squares regression line are shown 
squares values of A2Fo(J)/2(2J+1), determined plotted as a function of (2/+1)? in Fig. 13. The 
from measurements on all four || bands, to the intercept of the regression line was determined 


theoretical linear function of (2J+1)?, 
A:Fo(J) R(J—1)—P(J+1) 
+1) 


from the relation 
(Bo—$Do) 
Dail (2I+1)A2Fo+ Dod (2I+1)4} 
=— (5) 


Dy . 
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TABLE I. Wave numbers of lines shown in Fig. 2. 


Line No. Band K” K’ (cm=) 
1 vs 9 8 798.77 
2 8 7 801.31 

- 3 7 6 803.88 
4 6 5 806.53 
5 5 4 809.09 
6 4 3 811.71 
7 3 2 814.29 
8 2 1 816.94 
9 1 0 819.58 

10 0 1 822.27 
11 1 2 824.82 
12 2 3 827.49 
13 3 4 830.12 
14 4 5 832.81 
15 5 6 835.51 
16 6 7 838.14 
17 7 8 840.78 
18 8 9 843.46 
19 9 10 846.06 
20 10 11 848.79 
21 11 12 851.50 
22 12 13 854.05 
23 13 14 856.79 


which differs from that given in reference 8 (p. 
200) in that the term $Dp and the four weight 
factors g; (t=1, ---4) have been included. The 
factors g;, which take account of the fact that 
wave number measurements are not equally 
reliable in the cases of the four bands (being 
least reliable in the case of vsa), were taken to be 
inversely proportional to the mean squared 
deviations of measured values of the combination 
sums }${[R(J—1)+P(J)] from their regression 
line values. (Omission of the term 3Dp and the 
factors g; makes an insignificant change in the 
final value of Bo.) 

In Table XII are listed the ‘‘best” values of 
vo, B—Bo, B and Iz for the ground state and the 
upper states of each of the four resolved || bands 
as well as D for the ground state and the state r5.. 
The values of Iz were obtained from the B values 
by use of the latest value of Planck’s constant 
recommended by DuMond and Cohen," namely 
h=(6.6234+0.0011) X10-?’ erg sec. The errors 
given for the values of B—Bo, B and D are 
probable errors estimated by standard statistical 
methods from the scatter of the measured com- 
bination sums and differences about their regres- 
sion line values while those for the values of Jz 
include in addition allowance for the uncertainty 


uJ. W. M. DuMond and E. R. Cohen, Rev. Mod. 
Phys. 20, 82 (1948). 
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‘in h. Though no additional allowance has been 


made for possible systematic errors in the angle 
measurements, some account of this is included 
in the errors as given for By and Igo since the 
final values of By and Igo were obtained from 
measurements on four different bands over four 
different angular ranges. The error given for 
each value of vo includes allowance for ‘‘internal”’ 
error, including that involved in location of the 
central image, and for an assumed systematic or 
“external” error of 5 seconds in the angle 
measurements as well as for errors in determi- 
nation of the grating constant due both to errors 
in angle measurements and an assumed probable 
error of 0.05 cm~! in the wave numbers of the 
H Cl lines used for calibration. 

It will be noted that the value obtained for vp 
in each case is very close to the measured wave 
number for the maximum of the Q branch. At 
first sight it may appear that, because each Q 
branch does not fall farther to one side of v9, 
errors in the assignment of J-values in Tables I], 
V, VII and VIII have been made. However, the 
considerations on page 416 ff. of reference 2 show 
that it is quite possible for the maximum of the 
Q branch of a || band of a symmetric top molecule 
to coincide with the band origin. That the 
numbering scheme adopted for each || band is 
correct is placed beyond question by the con- 
sideration that if the assigned numbering for any 
band is shifted by 1 unit the resulting values of 
A2Fo(J)/2(27+1) for that band will be changed 
on the average by an amount B’— Bp». Thus, for 
no set of numbering schemes other than that 
adopted is it possible to obtain agreement within 
experimental uncertainty between values of this 
quantity for all four bands such as is shown in 
Fig. 13. 

The fact that B for state vq is greater than Bo 
so that Iz for this state is less than Igo leads to 
the conclusion that v5q is a perturbed state, 
because the symmetry of any || vibration of 
C2H, involving a change of dipole moment is 
such that the instantaneous value of Jz is a 
minimum when all atoms are in their equilibrium 
positions so that Jz for the unperturbed upper 
state of any || band must be greater than Jao. 
Furthermore, this fact cannot be explained on 
the basis of a perturbation of the Fermi type, 
which almost certainly occurs between states V5.0 
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TABLE II. Wave numbers of lines shown in Fig. 3. 


TABLE II.—Continued. 


. v 
Line No. Band (cm=!) 


Line No. Band K” (cm~1) 


v6 1345.03 
1346.70 
1348.26 
1349.88 
1351.49 
1353.06 
1354.65 
1356.17 
1357.73 
1359.23 
1360.81 
1362.28 
1363.75 
1365.20 
1366.77 
1368.05 
1369.61 
1370.96 
1372.31 
1373.74 
1375.07 
1379.01 
1382.21 
1383.06 
1384.25 
1385.47 
1386.89 
1387.99 
1389.17 
1390.47 
1391.60 
1392.75 
1393.99 
1395.07 
1396.24 
1397.38 


and ys, because in such a perturbation the B 
values of both perturbed states lie between those 
of the perturbing states, which, by the symmetry 
argument, are both less than By. For these 
reasons and also because of the abnormally large 
value of D of state v52, we conclude that a 
Coriolis perturbation of this state by a nearby 
vibrational state exists in addition to the Fermi 
perturbation. If, as appears virtually certain, 
the matrix elements of this Coriolis perturbation 
depend primarily on J, the other state involved 
must be of the same species as the upper states 
of active 1 bands, since the product of this 
species with that of v5, must be the species of a 
rotation (R,, R,) about an axis perpendicular to 


1407.07 
1408.27 
1409.32 
1410.53 
1411.71 
1412.89 
1414.13 
1415.18 
1416.30 
1417.50 
1418.71 
1419.75 
1421.00 
1422.20 
1423.37 
1424.56 
1425.83 
1426.73 
1427.92 
1429.38 
1430.34 
1431.62 
1433.17 
1434.25 
1435.65 
1436.85 
1438.21 
1439.63 
1441.36 
1443.40 
1446.38 
1447.45 
1448.52 
1452.41 
1457.91 
1463.48 
1468.45 
1472.95 
1475.87 
1477.48 
1481.49 
1485.64 
1488.28 
1489.29 
1493.68 
1498.90 
1504.13 
1509.47 
1514.65 
1519.85 
1525.14 
1530.51 
1535.80 


1576.04 
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the symmetry axis of the molecule.” Further- 
more, because the rotational levels for which 
J>0O of vq lie higher relative to the level J=0 
than they would in the absence of a Coriolis 
perturbation, the perturbing state evidently lies 
below v5a. Though there is evidence in Figs. 8 


2 Jahn’s rule, cf. reference 2, p. 276 and Tables 20, 22 
and 31. 
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TABLE III. Wave numbers of lines shown in Fig. 4. 


Line No. Band K’ 
1 1747.1 8 7 1705.25 
2 7 6 1712.25 
3 ' 6 5 1716.57 
4 5 4 1721.38 
5 1723.67 
6 4 3 1727.97 
7 3 2 1733.21 
8 2 1 1739.38 
9 1 0 1744.87 

10 0 1 1750.87 
11 1 2 1756.36 
12 2 3 1762.71 
13 3 4 1767.81 
14 4 1773.66 
15 5 6 1779.29 
16 6 7 1785.11 
17 7 8 1790.89 
18 8 9 1796.44 
19 9 10 1801.80 
20 1805.79 
21 10 11 1807.54 
22 1811.67 
23 11 12 1813.18 


and 9 of states of the proper species just below 
Ysa, NO attempt to identify the state in question 
or to investigate the perturbations of y5¢ in 
further detail has been made to date. 


IV. FUNDAMENTAL | BANDS AND THE SMALL 
MOMENT OF INERTIA J, 


Spectrograms of the three fundamental 1 
bands of C2H¢ (v9, vg and 7) are shown in Figs. 
2, 3 and 9. These spectrograms show the same 
principal absorption peaks as did those of Levin 
and Meyer," which peaks Howard" has demon- 
strated are to be identified with the strong, 
regularly spaced ?Q and #Q ‘“‘lines’”’ (actually 
groups of superposed lines) that theory predicts 
should be the most prominent features of the 
. bands of a symmetric top molecule with out 
free rotation whose two equal moments of inertia 
(Ig) are greater than its third (J4). Figs. 2, 3 
and 9 also reveal much more clearly than the 
spectrograms of Levin and Meyer the presence 
and nature of absorption peaks other than those 
corresponding to the ”Q and #Q lines. These 
other absorptions may at first sight appear to 
arise in part from coincidence of other bands 
with v7, vg, and v9. In fact, in each case the 
existence of one or more such other bands has 


(1928) Levin and C. F. Meyer, J. Opt. Soc. Amer. 16, 137 


928). 
4 J. B. Howard, J. Chem. Phys. 5, 451 (1937). 
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been suggested by other workers. The present 
results together with the following interpreta- 
tions indicate that most of these suggestions are 
invalid. 

In band vg (Fig. 2) there is, between each pair 
of adjacent major peaks, a minor peak, whose 
existence was first reported by Smith and Wood- 
ward.! Owens and Barker, who also reported 
their existence, suggested that the minor peaks 
might be due to absorptions by molecules initially 
in a low lying excited vibrational state. How- 
ever, the low temperature spectrogram reported 
on by Smith and Woodward and reproduced 
here in Fig. 2b shows that at —100°C the 
intensities of the minor relative to the major 
peaks are not less than at room temperature but, 
in fact, appear to be slightly greater. This result 
indicates strongly that the minor as well as the 
major peaks arise from absorptions by molecules 
initially in the ground state. The apparent small 
increase in intensity of the minor peaks as the 
temperature is lowered is doubtless because of 
sharpening of all peaks and consequent improve- 
ment of resolution. 

An entirely reasonable explanation of these 
minor peaks appears when one notes the fact 
that the spacing of the major peaks is almost 
exactly twice the mean spacing (2Bo) of the lines 
of the fundamental || band vs. In such a case 
the PP, ?R, and sub-band lines would be 
expected to be grouped in lines, one of which 
should occur approximately half way between 
each adjacent pair of ?Q and #@ lines, instead of 
forming an unresolved background to the latter 
as they usually do in such 1 bands. This 
explanation allows us to state with a high degree 
of confidence that the origin of v9 lies between 
line 9 and line 10 (Fig. 2 and Table I) since it 
should lie between the same two major peaks as 
the weakest minor peak. Thus there is little 
question concerning the correctness of the assign- 
ment of values of K given in Table I for v9. This 
assignment of K values agrees with that of 
Owens and Barker™ which these authors based 
on the slight enhancement of every third line 
near the middle of the band. 


18R. G. Owens and E. F. Barker, J. Chem. Phys. 10, 
146 (1942). The wave number values reported by these 
authors are systematically lower than those in Table I by 
about 0.1 
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TABLE V. Wave numbers of lines shown in Fig. 6. 


Band 


Line No. 


2207.69 
2210.67 
2213.18 
2216.25 
2218.95 
2221.92 
2224.20 
2226.73 
2229.56 
2232.42 
2234.76 


2249.63 
2253.67 
2257.38 
2260.95 
2264.13 
2267.71 
2271.21 
2274.98 
2278.60 
2281.70 
2286.23 
2289.48 
2293.91 
2297.41 
2300.91 
2304.43 
2307.75 
2310.12 
2311.94 
2313.93 
2316.18 
2318.18 


9 
8 
7 
6 
‘5 
4 
3 
2 
1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
q 
3 
2 
1 
0 
1 
2 
3. 
4 
5 
6 
8 
7 
6 
5 
4 
3 
2 
1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 


2319.86 
2321.42 
2323.17 
2325.36 
2327.34 


In band »; (Fig. 9) the ?Q and “Q absorption 
maxima are superposed on an unresolved back- 


2319.87 
2322.16 
2324.08 
2326.13 
2328.08 
2330.12 
2331.98 
2333.92 
2335.77 
2337.48 
2339.28 
2341.04 
2342.76 
2344.55 
2346.21 
2348.02 
2349.55 
2351.29 
2353.00 
2354.38 
2355.92 
2357.50 
2358.92 
2360.26 
2362.05 
2368.59 
2370.25 
2371.33 
2372.4 

2373.7 

2375.11 
2376.32 
2377.39 
2378.57 
2379.72 
2380.76 
2381.76 
2382.70 
2383.69 
2384.72 
2385.56 
2386.43 
2387.33 
2388.10 
2389.00 
2389.88 
2390.60 


WHR 


ground which has maxima of intensity at about 
2970 and 3005 cm and a minimum at about 
2995 cm~. The maximum of background ab- 
sorption at about 2970 cm is evidently due at 
least in part to overlapping of the unresolved R 
branch of the || band vs centered at 2955 cm=. 
That at about 3005 cm doubtless corresponds 
to the absorption maximum observed under 
considerably lower dispersion by Bartholomé and 
Karweil" and attributed by them to the Q branch 
of a || band, a suggestion maintained by subse- 


16E. Bartholomé and J. Karweil, Zeits. f. physik. 
Chemie B39, 1 (1938). 
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TABLE VI. Wave numbers of lines shown in Fig. 7. 


v 
Line No. Band K” K’ (cm~!) 

1 2653 2598.28 

2 2603.26 

3 2608.25 

4 2612.84 

5 2618.12 

6 2622.75 

7 2626.52 

8 2627.78 

9 2630.45 
10 2632.55 
11 2634.40 
12 2637.89 
13 2641.72 
14 2645.70 
15 2650.77 
16 2656.62 
17 2662.05 
18 2663.99 
19 2667.10 
20 2671.79 
21 2676.31 
22 2679.04 
23 2680.30 
24 2682.79 
25 2686.87 
26 2689.15 
27 2691.51 
28 2692.81 
29 2696.44 
30 2700.21 
31 2703.49 
32 2707.26 

ey” J’ 

33 vetve 28 27 2708.43 
34 27 26 2710.55 


quent authors.* Figure 9 shows no trace of such 
a Q branch, the width of the intensity maximum 
being considerably too large to be explained thus. 
This figure suggests rather that the background 
absorption, while caused in part by the R branch 
of vs is otherwise due entirely to the sub-band 
lines of v7 itself. Because the spacing of the Q 
lines of v7 is about 2.5 times 2Bo, these sub-band 
lines should form an unresolved background and 
not give rise to minor peaks as in yg. 

The intensity distribution of background ab- 
sorption due to unresolved sub-bands in _ bands 
of symmetric top molecules has been treated by 
Gerhard and Dennison.!” Though their compu- 
tations are not strictly applicable since they did 
not take account of the then unknown phe- 
nomenon of rotation-vibration interaction in 
degenerate vibrational states, it happens, as will 


17S. L. Gerhard and D. M. Dennison, Phys. Rev. 43, 
197 (1933). 
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be shown below, that in level v7 the vibrational 
angular momentum is quite small so that one 
can compare qualitatively the background in- 
tensity distribution of band v7 with that com- 
puted according to these authors for a value of 
B=(Avr,/Av,;) of about 2.5. The computed in- 
tensity distribution of background absorption 
for such a value of 8 shows a minimum at the 
band center flanked by two maxima. Though 
the calculations do not show a larger maximum 
of background under the #Q branch than under 
the ?Q branch this is to be expected from the 
intensity distribution of the minor peaks of band 
vg. These considerations indicate that the origin 
of v7 lies near the minimum of background 
absorption. The assignment of K values given 
in Table VIII is based on the assumption that 
the origin lies between lines 59 and 60. This 
assignment is considerably less certain than that 
of band », and the K values may well be in 
error by +1. 

Figures 3a and 3b show that band 7s (at least 
in part) consists of 20 major peaks (lines 78 to 
97) extending from 1452 to 1536 cm superposed 
on a hackground of which much fine structure is 
resolved. The spacings of major peaks through- 
out the region above 1493 cm (line 89) are 
evidently highly regular and have an average 
value almost exactly four times 2Bo. Hence the 
existence of three minor peaks between each 
adjacent pair of major peaks in this region is 
readily explained in the same manner as the 
existence of the minor peaks in band v9. How- 
ever, the fine structure of absorption below 1493 
cm! is highly anomalous, particularly between 
lines 82 and 89 and on the low frequency side of 
line 78. In the former region there appear to be 
some “extra’’ Q lines as a plot of the measured 
wave numbers of the 20 major peaks vs. their 
ordinal number indicates. In the latter region 
several major peaks appear to be missing, for the 
background absorption just below line 78 is 
nearly maximum and 7g in Fig. 3b should show 
a few more recognizable Q lines than py in Fig. 2b 
since the maximum overall absorption in Fig. 3b 
is greater than in Fig. 2b. Furthermore, below 
peak 73 and extending down at least to peak 45 
there is a long series of minor peaks with a 
regular spacing of 1.17 cm which certainly do 
not belong to || band v6. 
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TABLE VII. Wave numbers of lines shown in Fig. 8. 


TABLE VII.—Continued. 


2708.45 
2710.40 
2712.07 
2714.01 
2715.82 
2717.52 
2719.40 
2721.35 
2722.95 
2724.76 
2726.48 
2728.12 
2729.70 
2731.33 
2733.04 
2734.63 
2736.11 
2737.69 
2739.20 
2740.80 
2742.13 
2743.64 
2745.08 
2746.65 
2747.95 
2749.37 
2750.52 
2753.35 
2755.71 
2757.17 
2758.46 
2759.66 
2760.90 
2762.01 
2763.20 
2764.47 
2765.49 
2766.72 
2767.69 
2768.74 
2769.68 
2770.71 
2771.74 
2772.80 
2773.76 
2774.73 
2775.54 
2776.35 
2777.19 
2777.88 
2779.03 


The fine structure in the neighborhood of line 
85 strongly suggests that some rotational levels 
of vibrational state vg with low K values are 
perturbed by levels of another nearly coincident 
vibrational state of CzH¢. This perturbation, 
because of its limited extent and the fact that 


2809.56 
2810.95 


major peaks are recognizable though their in- 
tensities and positions are anomalous, appears 
to be a “rotational’’ perturbation of the Fermi 
type in which interacting levels have the same 
K value (AK =0) and the elements of the energy 
matrix are independent of K or J. Furthermore, 
it would appear that the difference in energy of 
unperturbed levels of the two states with the 
same J and K values, which difference, for any 
given value of J, is a linear function of K with 
slope proportional to the difference in ¢ values 
of the two states, passes through zero at a low 
value of K, the levels of state vs being lower for 
smaller values of K.'8 

The fine structure on the low frequency side of 
line 78 indicates that those —/ levels of vg with 
K values greater than that corresponding to line 
78 are also strongly perturbed by levels of 
another vibrational state of C:H¢. This pertur- 
bation appears to be of the Coriolis type for 
which AK = +1, and for which a dependence of 
the energy matrix on J as well as K is to be 
expected, since, in this region, major peaks are 
not recognizable, though broad intensity maxima, 
the intervals between which are about equal to 


18It is assumed here that the energies of each set of 
levels are represented by a single-valued function of K in 
which K is taken positive for +/ levels (transitions to 


which give rise to #Q lines) and negative for —/ levels 
(cf. reference 2, p. 403). 
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TABLE VIII. Wave numbers of lines shown in Fig. 9. 


TaBLe VIII.—Continued. 


Line No. Band kK” K’ Line No. Band K” K’ (em) 

1 2860 2847.69 47 v7 12 11 2958.35 
2 2849.75 48 11 10 2961.36 
3 2851.19 49 10 9 2964.22 
4 2853.06 50 9 8 2966.87 
5 2856.57 51 2967.77 
6 2858.16 52 8 7 2970.19 
7 2859.58 53 Ff 6 2973.49 
8 2861.33 | 54 ' 6 5 2976.98 
9 2863.04 55 5 4 2980.00 
10 2864.60 56 4 3 , 
11 2866.12 57 3 Fs 
12 2867.93 58 2 1 

59 1 0 

60 0 1 

13 Ysa 18 17 2875.63 61 1 2 
14 17 16 2876.80 62 2 3 
15 16 15 2877.78 63 3 4 
16 15 14 2878.88 64 4 5 
17 14 13 2879.60 65 5 6 
18 13 12 2880.68 66 6 7 
19 12 11 2881.83 67 7 8 
20 11 10 2882.69 68 8 9 
21 10 9 2884.02 69 9 10 
22 9 8 2885.01 70 10 11 

8 7 

7 6 : 

6 5 ; 

5 4 ‘ the same species as vg and is thus the only one 
which could interact with vgs by means of a 
29 2 1 2893.27 Fermi perturbation. According to Jahn’s rule," 
if belongs to point group D3,, a Coriolis 
32 2 3 2899.84 perturbation in which AK=-+1 is possible be- 
tween vg and but none is possible between 
35 5 6 2904.16 vg and vi2+4, while, if CeHe belongs to Da, a 
Coriolis perturbation in which AK =0 as well as 
38 8 9 2909.13 one in which AK = +1 is possible between vs and 
= vi2+v,4 but none is possible between vg and v1. 
41 11 12 2913.91 Now Nielsen” has shown that to second order 
of approximation, wherein vibrational functions 
44 14 15 2918.76 are assumed to be of the harmonic oscillator 
45 15 16 2920.49 variety, Coriolis perturbations can occur between 
46 Ysb 0 0 2954.05 two vibrational states only if the difference 


those between the regularly spaced major peaks, 
are visible. 

The fact that serious structural irregularities 
are exhibited by only part of band ys leads to the 
conclusion that the perturbations are of the 
“rotational” type and that the perturbing state 
or states must lie very close to state vs. A review 
of our present knowledge of the locations of the 
12 fundamental vibrational states of C2H¢ shows 
beyond reasonable doubt that the only states 
sufficiently close to vg to cause such perturbations 
are Vi and Of these only is of 


between the quantum numbers of each vibration 
in the two states is unity for two vibrations and 
zero for all others. Thus, to this approximation, 
state vg can be perturbed as a result of Coriolis 
forces only by v1: and hence only if C2H¢ belongs 
to D3,. However, as Howard" has pointed out, 
a Coriolis perturbation between vs and 1; should 
be vanishingly small because in executing these 
two vibrations each atom moves in very nearly 
the same straight line. Moreover, as will be 
shown in the Section V below, the ¢ values of 
states vg and yy, are very probably so nearly 


# H. H. Nielsen, Phys. Rev. 60, 794 (1941). 
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equal that if a Coriolis perturbation occurred 
between them effecting strongly the —/ levels 
of vg it should also effect strongly the +/ levels 
of vs. Further evidence that a perturbation of vg 
by v1: does not exist is provided by the regular 
structure of a band at 1747.1 cm= for which, as 
we shall see in Section V, the only reasonable 
assignment is v1:+»4. The assumption that a 
perturbation between vg and v1 exists would 
almost certainly require a nearly equally strong 
perturbation between states and vg+v. 
An attempt to obtain a quantitative explana- 
tion of the irregular structure of band vg on the 
assumption that state vg is perturbed in both a 
Fermi and a Coriolis perturbation by state 
vio+v,4 (and hence on the assumption that C2H¢ 
belongs to D3a) has been recently undertaken by 
Mr. Gordon Hansen of the University of Michi- 
gan under Professor Dennison’s direction. These 
considerations have shown that a small Coriolis 
coupling between rotational levels of vg and 
v12-+v4 Whose K values differ by unity may occur 
in third order of approximation but that none 
can occur between levels of the same K value in 
any approximation. A good account of the rela- 
tive intensities of both the major and minor 
peaks above line 89 in Fig. 3b has been given 
which has led to the adoption of the K values 
given in Table II for these lines and shows 
beyond any reasonable doubt that not only these 
K values but also the explanation of the minor 
peaks above line 89 given above are correct. 
Furthermore, a good account of the relative 
intensities and positions of all the numbered 
peaks above line 78 has been obtained on the 
assumptions: (1) of resonable values of ¢ for 
states vg and vyo+v4; (2) that state vi2+, lies 
about 8 cm- above state vg; and (3) that in the 
absence of the perturbations considered the wave 


numbers of the lines of band yg would be given — 


(in cm~!) by the formula 
vg(m) = 1475.84+5.550m—0.0125m?, (6) 


where m=K” for #Q lines and —K” for ?@Q lines. 

From the theoretical formula for the Q lines 
of a | band of a symmetric top molecule, 
namely” 


* Cf. reference 2, p. 429 and footnote 9. 
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TABLE IX. Wave numbers of lines shown in Fig. 10. 


Line No. Band J’ (cm “1) 
1 ||? 0 0 3116.71 
K” K’ 

2 if 3177.00 

3 3179.68 

4 3183.71 

5 41? 3207.00 

6 3209.26 

7 3211.80 
3215.87 

9 3218.34 
10 3220.59 
11 3224.59 
12 3228.14 
13 3230.82 
14 3257.8 7 6 3240.30 
15 6 5 3242.58 
16 5 4 3245.26 
17 4 3 3247.45 
18 3 2 3250.13 
19 2 1 3252.88 
20 1 0 3255.90 
21 0 1 3258.85 
22 1 2 3261.82 
23 2 3 3264.69 
24 3 4 3267.86 
25 4 5 3271.60 
26 5 6 3274.26 
27 6 7 3277.28 
28 7 8 3280.58 
29 8 9 3283.92 
30 9 10 3287.40 

J” J’ 

31 |!? 0 0 3396.15 


v(m) = 9+ [(A’—B’) 
+2[(A’—B’)—A’s ]m 
+[(A’—B’)—(Ao—Bo) ]m*, (7) 
where again m=K" for *Q lines and —K” for 
PQ lines, it is evident that the band origin (v9) 
is given by 


vo=v(m= —1)+(Ao—Bo), (8) 


that the mean line spacing (Av), which we shall 
define as (dv/dm)m--1, is given by 


Av= (dv/dm) m=—1 = Bo) —A (9) 
and therefore that 


Ayp—Bo = 
(10) 


The latter relation allows us to determine values 
of the A’s and hence of the »o’s and ¢’s in the 
fairly good approximation that the dependences 
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TABLE X, Wave numbers of lines shown in Fig. 11. 


Line No. Band K" K’ (m=) 
1 L? 4073.85 
2 4098.07 
3 4120.57 
4 4127.05 
5 4130.67 
6 4132.75 
7 4134.42 
8 4137.04 
J” id 
9 ||? 0 0 4143.27 
K” K’ 
10 4147.74 
uf #1789 5 4 4150.30 
12 4 3 4155.10 
13 4156.51 
14 3 4163.27 
15 2 1 4170.38 
16 1 0 4176.48 
17 0 1 4183.88 
18 1 2 4190.86 
19 2 3 4197.79 
20 3 4 4204.71 
21 4 5 4211.14 
22 5 6 4219.49 
23 6 7 4226.50 
24 7 8 4233.74 
25 8 9 4240.89 
J” J’ 
26 |? 0 0 4274.35 
27 0 4292.53 
K” K’ 
28 4334.1 4 3 4323.26 
29 3 Z 4326.37 
30 2 1 4329.45 
31 1 0 4331.95 
32 0 1 4334.84 
33 1 2 4337.68 
34 2 3 4341.24 
35 3 4 4344.95 
36 4 5 4347.62 
37 5 6 4350.28 
38 6 z 4353.94 
39 4416.7 6 5 4394.87 
40 5 4 4498.86 
41 4 3 4401.85 
42 3 2 4404.54 
43 2 1 4409.84 
44 1 0 4413.95 
45 0 1 4419.05 
46 1 4424.44 
47 2 3 4427.41 
48 3 4 4430.69 
49 4 5 4434.45 
50 5 6 4437.68 
51 6 7 4442.59 
52 7 8 4447.86 


of (1) the ¢’s and (2) the A’s on vibrational 
quantum numbers are neglected: i.e., in the 
approximation (1) that the ¢-sum rule, shown by 
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Howard" to be 


(11) 


is valid and (2) that A7=As=Ayg=Avc=A. Thus 
in this approximation we may write in place of 
(8), (9) and (10) the relations: 


vo=v(m=—1)+(A—Bo), (8a) 
Av=(dv/dm) m--1=2[(A —Bo)—Ag], (9a) 
A — (10a) 


Values of [(A’—B’)—(Ao—Bo)] and Av ob- 
tained from relation (6) for band yg and similar 
empirical relations (wherein the coefficients were 


determined by least squares) for bands v7 and vy ~ 


as well as values of A—Bo, A, I4, vo and ¢ ob- 
tained from the empirical coefficients with the aid 
of (8a), (9a) and (10a) are given in Table XIII. 
Errors given for Av and [(A’—B’)—(Ao—Bo) | 
for v7 and yg are probable errors computed from 
the data. Those given for vp include an assumed 
probable error of 0.06 cm~ for A — Bo in addition 
to the same allowances made in estimating the 
errors of values of the origins of the || bands 
(Table XII). The value of Avg obtained by 
Hansen is appreciably larger than the mean 
spacing of lines 89-97 of band vs on which the 
value of J, given in reference 2 was based. 
Hence the value of 74 given here is appreciably 
less than that given in reference 2 and yields, 
together with the value of Igo in Table XII what 
are perhaps more reasonable relationships be- 
tween the three structural parameters of the 
C2H¢s molecule than did the previously deter- 
mined value. Thus with the present values of 
Igo and I4, if we take C—C=1.55A as deter- 
mined by Pauling and Brockway,” we obtain 
C—H=1.098A and = 109° 3’. The rather 
large negative values of [(A’—B’)—(Ao—Bo) ] 
for vg also obtained by Hansen may possibly be 
due to a second Coriolis perturbation of state vs 
of the type for which AK=0 by a state lying 
above ps. 


V. COMBINATION i BANDS 


It appears from Figs. 4-12 that nearly all the 
fine structures in the regions of weaker absorp- 
tion not so far discussed correspond to combina- 


21. Pauling and L. O. Brockway, Jr., J. Am. Chem. 
Soc. 59, 1223 (1937). 
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tion bands of the L type, there being in addition 
a few scattered peaks, some of which are doubt- 
less Q branches of combination || bands. For 
each group of lines which apparently comprises 
a | band values of mean line spacing (Av), band 
origin (vo) and ¢ are given in Table XIV. These 
were determined in the same fashion as for the 
fundamental |. bands v7 and yy» except that the 
“regression”’ line on a graph of wave number vs. 
ordinal number of the lines of each group was 
determined ‘‘by eye”’ instead of by least squares. 
The points on each such graph were found to fit 
on a straight line within experimental uncer- 
tainty except those for the group of lines near 
2653 cm where the structure is so irregular 
(even at low temperature) that no single value 
of Av can be determined and those for the groups 
at 3257.8 and 5950.7 cm. In the latter two 
cases the points fit on curved lines indicating 
large positive values of [(A’—B’)—(Ao—Bo) ] 
for these bands. The assignment of K values for 
each combination 1 band was guided by the 
assumption that, as in the case of band v9, about 
3/5 of the observed lines are *Q lines and about 
2/5 are ?Q lines and by evidence in the spectro- 
grams of alternating intensities, which evidence, 
however, is fairly definite only in the case of the 
band at 3257.8 cm~'. Thus some values of m9 
may be in error by one or two line intervals. 

A survey of information concerning the twelve 
fundamental vibrational states of C2H¢ as given 
in reference 3 leads to the conclusion that the 
only reasonable assignment for the band at 
1747.1 cm™ is v1:+ 4. This assignment is sup- 
ported by the fact that Av for this band is 
nearly the same as for band yg, as Av of band 
vi1+v,4 should be, since the ¢ values of states vg 
and »,, as well as their frequencies should be 
approximately equal.” Also, the most reasonable 
assignment for the band at 3257.8 cm— is »4+a 
component of the multiple level v9 (probably 
v19s)8 since there is no other binary combination 
in the neighborhood and such a combination 
should have roughly the same spacing as band 7. 

*% The ¢ value of a combination state and hence Av of 
the corresponding band are independent of what non- 
olan vibrations are excited in the state. (Cf. reference 

3 It is possible that the group of lines 5 to 13 of Fig. 10 
near 3217 cm™! whose spacings are rather irregular, but 


roughly the same as for the band at 3257.8 cm™, corre- 
sponds to a combination of »,and another component of »10. 
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TABLE XI. Wave numbers of lines shown in Fig. 12. 


Line No. Band J” J’ (cm) 

||? 5904.35 

2 0 0 5916.28 

K” K’ 

3 5950.7 6 5 5924.50 
+ 5 4 5928.65 
5 4 3 5932.12 
6 3 2 5939.49 
7 2 1 5943.76 
8 1 0 5948.73 
9 0 1 5954.13 
10 1 2 5959.75 
11 2 3 5965.82 
12 3 4 5972.60 
13 + 5 5980.23 
14 5 6 5986.50 
15 6 7 5994.73 


Subject to the validities of these two assign- 
ments and of the values of the two band origins, 
we may combine the latter with values of »; 
and 19 obtained from Raman data ‘to determine 
a value of ». From Raman investigations of 
C2Hs gas it is fairly well established* that 
¥3:=1460 cm=!, whence we obtain »,=287.1 
cm, while from Raman spectra of liquid C,H, 
it appears that v19,=2963 cm~! from which we 
obtain »4=294.8 cm—. In Fig. 1 the value 
v4=290 cm has been adopted as being not 
inconsistent with and perhaps somewhat more 
reliable than the value »,=275 cm~! determined 
from heat capacity data.?° From the former value 


TABLE XII. Results obtained from || bands. 


Ip* 

B-Bo B D (10-# 

State (cm~1) (cm~) (10-7 cm?) 

Yba 2895.66 0.0176 0.6801 165 41.14 

+£0.16 +0.0006 +0.0006 +28 +0.04 

vatve 2753.39 —0.01031 0.65227 _ 42.901 
+0.13 0.00006 +0.00014 +0.011 
2368.88 —0.01321 0.64937 43.093 
+0.10 +0.00010 +0.00016 +0.012 
ve 1379.14 —0.00722 0.65536 _ 42.699 
+0.07 +0.00005 +0.00014 +0.011 
Ground 0 0 0.66258 6.00t 42.234 
+0.00013 +0.011 


* h =(6.6234 +0.0011) X10?’ erg sec. 
Calculated. 


%S. Bhagavantam, Ind. J. Phys. 6, 596 (1931) and B. 
L. Crawford, Jr.. W. H. Avery and J. W. Linnett, J. 
Chem. Phys. 6, 682 (1938). 

26 G. Glockler and M. M. Renfrew, J. Chem. Phys. 6, 
295 (1938). 

2G. B. Kistiakowsky, J. R. Lacher and F. Stitt, J. 
Chem. Phys. 7, 289 (1939). 
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Fic. 13. A2Fo(J)/2(2J+1) vs. (2J+1)? showing experimental points for each of the four resolved || bands and the 


regression line determined by least squares. 


and the value v12+»,= 1480 cm determined by 
Hansen in his consideration of the perturbation 
of state vg the value »;2= 1190 cm has also been 
adopted here. This is in fairly good agreement 
with the value v32=1170 determined by 
Stitt.?? 

Subject also to the validities of these assign- 
ments, we may determine ¢ values for states v1 


TABLE XIII. Results obtained from fundamental bands. 


[(A’ —B’) 
v0 Av —(Ao—Bo)] 
Band (cm~!) (cm~!) (cm~!) 
v7 2995.5 3.362 0.095 0.0021 
+0.2 +0.006 +0.0009 
Vg 1472.2 5.563 —0.331 —0.0125 
+0.1 
V9 821.52 2.6285 0.236 0.00213 
+0.07 +0.0012 +0.00015 
A—Bo=1.926 cm; A=2.588 
Ia=10.81X10-® g cm? 


27 F. Stitt, J. Chem. Phys. 7, 297 (1939). 


and v1, respectively from the values of Av for 
the bands at 3257.8 and 1747.1 cm~ by substi- 
tuting these in Eq. (9a). {12 may then be obtained 
from {19 and {1 by use of the ¢-sum rule for 
states vio, vi1 and vy, which may readily be 
shown to be” 


= Bo/2A = 0.128. (12) 


The ¢ values thus obtained together with the 
present best estimates of the wave numbers of 
states vio, vir and viz are given in Table XV. 
Also given are values of Av for bands” v9, v1 
and v2. As is evident from Eqs. (9a), (10a) and 
(12), Avie is given in terms of the experimentally 
measured quantities Av7—Avy;, and Boy by the 
equation : 


Avie = Avz+Avg+Apyg — Bo—Avyo —Avi. (13) 


28 Herzberg (reference 2, p. 405) citing Howard (see 
reference 14), who does not consider this sum, erroneously 
states that this sum is zero. : 

29We speak in this section of the Av of a band even 
though such a band is inactive. 
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The value of {12 in Table XV and that of ¢s in 
Table XIII are approximately equal to the 
values employed by Hansen in his considerations 
of the perturbations of vg by v12+74. 

In an attempt to determine reasonable assign- 
ments for as many as possible of the observed 
combination . bands and hence possibly to 
obtain more evidence as to the point group to 
which C2H¢ belongs, two charts, Fig. 14a for Dza 
and Fig. 14b for D3,, have been prepared in 
which a L band is represented by a point whose 
abscissa gives the origin (v9) and whose ordinate 
gives the mean line spacing (Av) of the band. 
The observed bands are represented by crosses 
in each chart while the circles represent possible 
combination bands. In the region below 3500 
cm= all possible active binary and ternary 
combinations exclusive of difference bands with 
lower states higher than », are represented, 
while between 3500 and 6000 cm™ all possible 
active binary combinations are represented. The 
wave numbers of the possible combinations were 
determined as simple sums or differences of those 
for the fundamental states given in Fig. 1. Their 
mean spacings were determined from the values 
of Av for the fundamental bands given in Tables 
XIII and XV with the aid of the rules given by 
Johnston and Dennison.* These authors showed 
that, for molecules with three-fold axes such as 
the methyl halides and ethane, the appropriate 
¢ value for any state in which one and only one 
degenerate vibration »; is either singly or triply 
excited is ¢; Hence the line spacing of the 
corresponding band is Av;. They also showed 
that, for such molecules, the appropriate ¢ values, 
for a state in which one and only one degenerate 
vibration v; is doubly excited and for a state in 
which two and only two degenerate vibrations 
v; and vy; are each singly excited, are respectively 
—2¢; and —(¢;+¢,). Hence the line spacings of 
the corresponding bands are, according to Eqs. 
(9a) and (10a), 


Av(2v;) = (14) 


and 


Av(vi+v;) (15) 


* oe and D. M. Dennison, Phys. Rev. 48, 


868 (19 
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TABLE XIV. Results obtained from combination | bands. 


Av 

(cm~1) (cm~) 
1747.1 5.69 —0.354 
2021.6 7.64 —0.732 
2218.0 2.70 +0.222 
2277.1 3.65 +0.039 
2653 ? ? 
2800 1.46 +0.463 
2860 1.63 +0.429 
3257.8 3.00 +0.164 
4178.9 7.02 —0.612 
4334.1 3.09 +0.147 
4416.7 4.05 —0.039 
5950.7 5.03 —0.228 


It is evident from Fig. 14 that it is not possible 
on the basis of either point group to account well 
for any of the observed combination | bands, 
except perhaps that at 2218.0 cm~ and, of 
course, those at 1747.1 and 3257.8 cm-, without 
revising or adding to the assumptions that have 
gone into the determinations of the values of 
or Ay or both of some of the possible combination 
bands. This is not very surprising in view of all 
the possibilities for perturbations of either funda- 
mental or combination states and for appreciable 
dependence of some ¢ values on vibrational 
quantum numbers which have been neglected. 
Moreover, it appears that no less reasonable 
additions to or revisions of the assumptions on 
the basis of D;, than on the basis of Dja are 
required to account well for any of the observed 
bands with the outstanding exception of that 
at 2021.6 

To account for the band at 2021.6 cm on the 
basis of D3,, one must assume either: (1) that 
this band is due to an impurity, which seems 
most unlikely since it is evidently a L band of 
a symmetric top molecule and does not corre- 
spond to a strong band of any likely impurity 
and since absorption in this region by C2H¢ gas 
has also been observed by Avery and Ellis ;** or 


TABLE XV. Values of vo, Av and ¢ for inactive fundamental 
. bands (see reference 29). 


vo Av 
Band (cm=!) ig 
2963 
{3959.5} 3.00 0.164 
"11 1460 5.69 —0.354 
Vi2 1190 2.20 0.318 


31'W. H. Avery and C. F. Ellis, J. Chem. Phys. 10, 10 
(1942). 
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Fic. 14. Mean line spacing (Av) vs. band origin (vo) for combination | bands. Crosses represent observed bands, 
except in the case of the band near 2653 cm™ where a vertical line is used because Av for this band is uncertain, while 
circles represent possible active combination bands according as C2H¢ belongs (a) to D3q or (b) to D3,. All possible binary 
and ternary combinations below 3500 cm~ whose lower states are not higher than » are represented, while between 
3500 and 6000 cm™ all possible binary combinations are shown. Combinations involving », vs and 19 are represented 
by multiple points. Combination »:2+»3+ is represented by 12+3+-4, etc. 


(2) that this band is to be assigned to. 2712, 
which would lead to the very improbable con- 
clusion that v12=1010 cm; or (3) that it is to 
be assigned either to Or vo tri2— M4, 
either of which assumptions would require an 
even less acceptable value of v12; or (4) that it is 
to be assigned to some combination such as 
vet+2v,4 Or for none of which could 
the spacing conceivably be as great as 7.64 cm—. 
On the other hand this band can be accounted 
for on the basis of Dga if one makes a far less 
drastic assumption. Thus, as is perhaps most 
reasonable, one may assign this band as v9+ 712 
and assume that the discrepancy in Ay is due to 


the fact that state v19, is perturbed or that the 
band at 3257.8 cm has been wrongly assigned 
so that the true value of Avo is greater by about 
1 cm than the value in Table XV. Alternatively 
we might assign this band as 2712— 4 and assume 
the value of Avio in Table XV to be low by 
about 0.25 cm~, though this assignment is less 
likely because 2»12—y, is a ternary difference 
band. 

It is perhaps significant that, if we do assume 
the staggered configuration for C.H¢s and also 
postulate that the value of Avip in Table XV is 
low by about 1 cm~, then not only may we 
assign the band at 2021.6 as »9+ 712 but we may 
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also assign that at 4178.9 cm as v7+ p42. 
Furthermore, on the basis of D3¢ the group of 
lines near 2653 cm= may be assigned as a band 
vg+vi2 Whose structure would be expected to be 
about as irregular as that of band vg because of a 
perturbation between states vg+ 712 and 212+. 
Thus we could account for three of the bands as 
combinations of the vibration »;2. with each of 
the three infra-red active vibrations. It should 
be noted that changing Avo affects only the 
spacings of combination bands involving the 
vibrations OF 712. ‘ 

Concerning possible assignments for the re- 
mainder of the observed combination | bands 
very little can be said that is not highly specu- 
lative. Possibly it is worth while to point out 
that better agreement between the spacing of 
the band at 2277.1 cm™ and that of »+ry 
would result if a value of Avg larger than 5.563 
cm! were adopted. 


VI. CONCLUSION 


The measurements on the fine structures of 
the infra-red bands of C.H¢ described here have 
yielded an accurate value of the moment of 
Ynertia Jz and a fairly reliable value of I4. They 
have also yielded some very puzzling results 
from considerations of which new estimates of 
the values of the fundamental vibration fre- 
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quencies v4 and 732 and a reliable value of vg have 
been obtained. Finally, from considerations of 
the apparent perturbations of state vg and an 
analysis of combination | bands, definite 
spectroscopic evidence that C2H¢. belongs to 
point group D3za has for the first time been 
obtained. Though not conclusive, this evidence 
carries considerable weight. Further high resolu- 
tion work including obtaining of better records 
of some of the combination bands and a search 
for bands 4, near 900 and v4 near 
1170 cm“ with a cell including a long absorbing 
path would be very desirable.” Also, the results 
of high resolution measurements on the spectrum 
of C.D. now being undertaken by Mr. Gordon 
Hansen at the University of Michigan should 
prove highly enlightening. 

The author wishes to express sincere thanks to 
Professor John Turkevich for providing the 
ethane used, to Drs. Van Zandt Williams and 
William Woodward for much assistance in 
gathering the data and to Mr. Gordon Hansen 
and Professor D. M. Dennison for many valuable 
suggestions concerning the interpretation of the 
results, particularly those on the band ys, on 
which many of the values obtained depend. 


® Very weak absorption near 1216 cm™ has been 
observed under low dispersion by Avery and Ellis (see 
reference 31) and attributed by them to band »;—»4. 
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agg e. L. B. Seely, Jr. and J. E. Willard, J. Am. Chem. 
69, 2061 (1947). 


issue). We learned of this just as our work was being 
completed. 
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The Exchange Reaction between Bromine and Bromotrichloromethane 2 
y 
A. A. MILLER AND J. E. WILLARD ‘ 
Department of Chemistry, The University of Wisconsin, Madison, Wisconsin 
(Received August 13, 1948) : 
Thermal exchange of the bromine in CCI;Br with Brz has been measured in the temperature . 
range from 100° to 135°C in liquid CC1;Br, in the range from 135° to 170°C in CCI, solution, t 
and in the range from 150° to 220°C in the gas phase. The activation energy has been found to k 
be approximately 29 kcal. mole in each phase. The rate of exchange has been found to be e 
proportional to the first power of the CCI;Br concentration and to the square root of the y 
bromine concentration, indicating an atomic mechanism. The values of the rate constants 
obtained in the liquid and gas phases are approximately equal. From the results it may be de- " 
- duced that the activation energy for the step which initiates the exchange, i.e., either CCI;Br l 
+Br—CCl;+Br2 or the reaction CCl;Br+Br*—CCl1;Br*+Br is about? kcal. mole. This 
value is in the range of values of 5-10 kcal. mole indicated by previous experiments on the n 
analogous photochemical reaction in carbon tetrachloride solution. The thermal reaction has fi 
been found to be much less sensitive to oxygen than various previously studied photo-chemical 
halogenation reactions. Analysis of the results suggests that the ‘‘cage” effect may appreciably P 
lower the quantum yield of the photo-chemical reaction in the liquid phase. t 
tl 
a 
INTRODUCTION tained information on the thermal and photo- dl 
ANY reactions of halogens with halogen- chemical exchange of bromine with bromotri- ; 
ated hydrocarbons have been studied for chloromethane. This reaction may be represented 2 
the purpose of establishing the reaction mecha- by the over-all equation CClsBr-+BrBr*— i 
nisms and determining the activation energies CClsBr*+BrBr, where Br* is used to denote C 
-of the elementary steps involving atoms or ‘adioactive bromine tracer, which is used as a, a 
radicals.! Probably the simplest reactions of this means of observing the exchange. Evidence for - 
type are those which involve only the exchange _ the existence of a reaction of this type was first bi 
of atoms between elementary halogen molecules reported by Wilson and Dickinson.” * As might - 
and the same halogen in organic combination. be expected, the results for the thermal reaction m 
In such reaction systems only two molecular are consistent with a mechanism involving the ¥ 
species are present and there is no change in the following steps: st 
chemical composition of the system. The number Br2—2Br ki, (1) 
of possible elementary reaction steps involving CCl;Br+Br-CCl;+ Bre ke, (2) 
atoms and free radicals is- smaller than in sys- CCls+Brx—CCI,Br+Br ks, (3) 
tems containing more species and consequently 
the possibility of certainty in assigning activa- 2Br—Br2 ka, (4) 
tion energies to. these steps is increased. Several where the steady state concentration of bro- 
investigations’ of such reactions have been re- mine atoms is controlled solely by the ther- 
ported but only in a very few have activation mal dissociation equilibrium for which the 
energies or quantum yields been determined. equilibrium constant is K,.=k:/ks. The rate 
In studying a variety of reactions of halogens Jaw for this mechanism is simply: R=rate of 
with halogenated hydrocarbons we have ob- exchange of ](Ri[ Bro 
1See for example, E. W. R. Steacie, Atomic and Free =k[CC13Br ][Brz }}. The same rate law will hold 
Radical Reactions (Reinhold Publishing Corporation, New if the exchange occurs by the step CClsBr 
for-cxample;a. Rollefson and W. F. Libby, +Br*—CClsBr*+Br (having a rate constant 
‘ Chem. Phys. 3, 569 (1937); b. J. N. Wilson and R.G. —————— 
ickinson, J. Am. Chem. Soc. 61, 3519 (1939); c. L. C. 8A study of the kinetics of the gas phase reaction has 
Liberatore and E. O. Wiig, J. Chem. Phys. 8, 349 (1940);d. recently been made by N. Davidson and J. H. Sullivan of —_ 
. H. Hodges and A. S. Miceli, J. Chem. Phys. 9, 725 the California Institute of Technology (see article in this . 
u 
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again designated as k2) rather than by reactions 
2 and 3 above. The over-all activation energy, 
which may be determined with the aid of the 
Arrhenius equation from the dependence of k 
on the temperature, is related to the activation 
energies of the elementary steps by the equa- 
tion: Eover-att = E2+3(Ei1— £4) since 
ky)*. Since E, may be assumed to be zero and EF, 
equal to the heat of dissociation of bromine the 
value of the activation energy for the elementary 
reaction Br+€Cl;Br—>CCl;+ Br2 may be calcu- 
lated from the experimental data. 

In an exchange reaction of this type the 
measured rate of change of the radiobromine 
from one chemical form to the other becomes 
progressively slower, as the equilibrium dis- 
tribution of radioactivity is approached, al- 
though the true exchange reaction continues at 
a constant rate. Regardless of the mechanism of 
the exchange reaction the observed rate of 
equilibration of the radiobromine will follow a 
first order rate law‘ for which the observed rate 
constant is k’=(2.3/t) log(1/1—F) where F 
equals the concentration of radioactivity in the 
CCl;Br relative to that at equilibrium and ¢ 
equals the time of reaction. Equilibrium will be 
attained when the activity per gram atom of 
bromine in the CCl;Br and Bre fractions is 
equal. It can be shown that if the true rate of 
the exchange reaction is given by: R=k[Bre |” 
X[CCI;Br]" where k is the true velocity con- 


stant that 
[Bre ]+[CC1;Br]) 
Bre 


Fic. 1. Apparatus for 
filling reaction tubes in 
study of CCI;Br-Br2 
reaction. 


If, as in the case of the present work, the bromo- 
trichloromethane concentration is much greater 
than the bromine concentration, 


k=2k'([Bre 


The over-all activation energy can be determined 
from the temperature coefficient of & or, if the 
concentration of each reactant is constant in a 
series of experiments at different temperatures, 
can be obtained directly from the temperature 
coefficient of the experimental velocity con- 
stant, k’. 


EXPERIMENTAL 


In order to minimize the possibility that the 
results of these experiments would be affected 
by air, water, or other impurities the reactants 


.were degassed, dried and distilled into the re- 


action tubes on the vacuum system illustrated in 
Fig. 1. Radiobromine, Br*®(34 hr.), was pre- 
pared from active KBr® by reaction with the 
stoichiometric equivalent of KBrO; and an ex- 
cess of 85 percent H;PO, in tube A of Fig. 1. 
With the aid of heat the Bre was driven into 
trap B; tube A was removed from the system 
and outlet C was closed with a flame. The sys- 
tem was then evacuated while the bromine was 
frozen in B, following which the bromine was 
distilled from the P.O; in B through a train of 
P.O; on glass wool and condensed in the tube D 
where it was further degassed by several cycles 
of alternate freezing and evacuation. From a 
knowledge of the vapor pressure-temperature 
curve of bromine it was then possible to obtain 
a desired pressure of bromine gas in the bulb EZ 


*a. H. A. C. McKay, Nature 142, 997 (1938); b. S. Z. Roginsky, Acta Physicochemica URSS 14, 1 (1941); c. R. B. 


Duffield and M. Calvin, J. Am. Chem. Soc. 68, 557 (1946). 


°U. S. Atomic Energy Commission, Item No. 11, Radioisotopes Catalogue No. 2, September 1947. 
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TaBLE I. CCl;Br-Br2 exchange in liquid CC1;Br. 


Temp., Time, [CClsBr], [Bro], k’, Ray: 
hours mole/l mole/l FX100 hr.~! (mole/!)~ hr.-1 


2.0 0.0293 
0.0293 
0.0293 


0.0282 
0.0282 
0.0282 


0.030 


0.0785 
0.0785 
0.0785 
0.0785 


0.0735 
0.0735 


0.0720 
0.0720 
0.0720 
0.0720 


0.0745 
0.0745 


0.0034 


B88 | 


Ne 


Sa $e 
oo 


SSRI 


by regulating the temperature of D and allowing 
the vapor to fill the system between stopcocks 
Sa and Sc. The volume of the bulb £ together 
with its connecting tubes was known. By intro- 
ducing bromine at a known pressure from D, 
then closing Sg and opening Sc it was therefore 
possible to introduce variable known amounts of 
bromine into the liquid phase reaction tubes F 
and F’ or into the gas phase tubes attached to 
the manifold G. 

Bromotrichloromethane, prepared by the 
photo-bromination of boiling chloroform in a 
nitrogen atmosphere,* and subsequent fractional 
distillation, was degassed by alternate freezings 
and evacuations in the bulb H, and distilled 
from P.O; through a train of PO; on glass wool 
into the metering tube J of which the volume 
per unit length was known. 

To fill the liquid phase reaction tubes a known 
amount of bromotrichloromethane was distilled 
from J into the six tubes in the cluster at F 


TABLE II. Effect of bromine concentration on the 
CC1;Br-Br2 exchange in liquid CC1;Br. 


(Br: a], 
mole/1 


0.0293 
0.0785 


0.0282 
0.0720 


100 


0.015 
0.018 


0.23 
0.22 


3.07 
0.80 


48.5 
11.2 


k’(Bra] 
0.0026 
0.0049 


0.40 
0.58 


*E. G. Bohlmann and J. E. Willard, J. Am. Chem. Soc. 
64, 1342 (1942). 
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cooled with liquid air. (Each of these tubes was 
made of 2.5 mm I.D., 9 mm O.D. Pyrex capil- 
lary tubing and contained 0.3 ml of solution 
when half-filled.) The stopcock S¢ was then 
opened and the known amount of bromine from 
bulb E was condensed with the bromotrichloro- 
methane in F. Following further degassing cycles, 
continued until no Tesla coil discharge was ob- 
tained while the liquid was frozen, the cluster of 
six tubes was sealed off from the system, the 
liquid was thawed, mixed and refrozen, and the 
individual tubes were sealed off from the mani- 
fold. From the total amounts of Brz and CC1;Br 
the concentration, which was the same in each 
tube, could be calculated. Since no data were 
found on the coefficient of thermal expansion of 
liquid CCl;Br, this information, which was 
needed for use in calculating the concentrations 
in the reaction tubes at different temperatures, 
was estimated from data for carbon tetrachloride. 
Final calculations of the amount of bromine 
were based on the total radioactive counting 
rate obtained when the tubes were opened and 
the contents analyzed. The counting rate per 
unit weight of bromine was determined for each 
shipment by counting an aliquot of the stock 
KBr solution and weighing the solid KBr from 
a second aliquot. 

The reaction tubes in which carbon tetra- 
chloride was used as a solvent were filled in 
the same manner using a second calibrated tube 
similar to I (Fig. 1) to introduce the desired 
amount of CCl, into the system. The carbon 
tetrachloride was purified by the method de- 
scribed by Dickinson and Leermakers.’ 

In the preparation of the gas phase reaction 
tubes a known amount of bromine vapor from 
the bulb E was allowed to expand into the sys- 
tem including the twelve reaction tubes K on 
the manifold G, after which the stopcocks were 
closed. These tubes had a uniform volume of 
20 ml; it was thus possible to obtain approxi- 
mately equal amounts of bromine in each. Equal 
amounts of bromotrichloromethane were then 
metered into each of the tubes by maintaining 
the liquid in J at 20°C, allowing the vapor to 
expand into the known volume of bulb J and 
then condensing it from this volume into one of 


7R. G. Dickinson and J. A. Leermakers, J. Am. Chem. 
Soc. 54, 3853 (1932). 
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the tubes by cooling the tube in liquid air and 
opening the corresponding stopcock. After de- 
gassing, the tube was sealed off at the constric- 
tion below the stopcock. The exact amount of 
bromine in each vapor phase tube was deter- 
mined from the measured counting rate follow- 
ing reaction. The exact amount of bromotri- 
chloromethane was determined from the weight 
of the tube following reaction before it was 
opened (a buoyancy correction was applied) and 
the weight of the clean dry pieces after it was 
emptied. About 0.06 to 0.08 gram of bromotri- 
chloromethane was normally used in each tube. 

In all cases the reaction tubes were kept at 0° 
in the dark until they were reacted, and were 
wrapped in aluminum foil to exclude light during 
heating and subsequent handling. The reactions 
were carried out in an oil bath with temperature 
controlled to within +0.5°. After removal from 
the bath each tube was rapidly cooled in an air 
blast and frozen in dry ice until it was analyzed. 

All stopcocks on the system shown in Fig. 1 
were lubricated with silicone high vacuum stop- 
cock grease, tests with radiobromine having 
demonstrated that this grease is much less re- 
active toward bromine than other common types. 
All reaction tubes were prepared by boiling in 
fuming nitric acid and rinsing with triply dis- 
tilled water. The reaction tubes and all other 
parts of the apparatus for which it was feasible 
were degassed prior to use by flaming while 
evacuated. 

In order to determine the extent of reaction 
in a tube, the contents were frozen in the bottom 
with dry ice. The top was broken off, carbon 
tetrachloride was added, and the contents were 
transferred together with the carbon tetra- 
chloride rinses to a separatory funnel containing 
20 percent aqueous sodium iodide. The aqueous 
and carbon tetrachloride layers were separated, 
made up to 10 ml each and counted in a Tech- 
nical Associates solution-type Geiger-Mueller 
tube. Preliminary experiments showed that 
under our conditions of measurement the count- 
ing rate of radiobromine in carbon tetrachloride 
was 90 percent of that of the same amount of 
bromine in 20 percent aqueous sodium iodide 
solution. This correction and corrections for 
background and decay were applied where 
necessary. The fraction of the radiobromine 


TABLE III. CCI;Br-Br2 exchange in CCl, solution. 


[Bre], 
Time, [CClsBr], mole/1 
hours mole/l x<108 


‘ 


1.0 0.207 
2.0 0.207 


1.0 0.201 
2.0 0.201 


0.25 0.194 
0.50 0.194 


1.0 0.942 
2.0 0.942 


0.5 0.916 
1.0 0.916 


0.21 
0.17 


0.56 
0.66 


3.36 
3.96 


ee 88 ee 88 


which had exchanged was then given by the 
ratio of the count in the carbon tetrachloride to 
the total count. A total count of 5000 was usually 
measured giving a probable statistical counting 
error of about 1 percent. 


RESULTS 


The conditions and results of exchange ex- 
periments carried out with liquid phase mix- 
tures of bromine and bromotrichloromethane are 
given in Table I, where F is the fraction of radio- 
bromine equilibrium attained and k’ is the ob- 
served first order velocity constant for the trans- 
fer of radiobromine from Brz to CCI;Br. The 
letters A, B, and C each indicate a separate 
series of reaction tubes prepared as a unit. 
Series B and C were prepared from a single 
bromine shipment under conditions as nearly 
identical as possible while A was prepared from 
a different bromine shipment and with a much 
lower bromine concentration. 


Log kx io 


210° 


Fic. 2. Temperature dependence of rate of CCl;Br-Br2 
exchange in liquid CCI,Br. 


..... 
Tube °C F X100 
Al 135 18.5 0.110 
A2 135 28.9 0.090 
A3 150 42.7 || 0.30 
A4 150 73.6 0.34 
AS 170 57.0 1.82 
‘BI 135 43.5 0.59 0.112 
B2 135 66.6 0.51 0.096 
B3 150 P| 44.8 1.14 0.22 
B4 150 64.5 1.10 0.20 
2.0 
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TABLE IV. CC1;Br-Brz exchange in the gas phase. 


(CCisBr], [Bra], 
mole/1 X10% mole/lX103 


F’ X100 


k, k 
Fo X100 FX100 (mole/1)-# (mole/1) 31 hr. 


ow 
CON RP OAK AO 


OP aw 


89.3 2.2 
10.5 


0.26 
1.11 


Experiment A7, in which a reaction mixture 
was allowed to stand for 70 hours at room tem- 
perature and then analyzed, shows that reaction 
is negligible at this temperature. 

In Table II data from Table I for experiments 
made at two different bromine concentrations at 
each of two temperatures are tabulated, together 
with the values of k’ multiplied by different 
powers of the bromine concentration. From the 
equations stated in the Introduction, R= [Br |” 
X[CCI;Br]" and it 
is evident that if the CCl;Br concentration is 
held constant and k’ is determined at different 
concentrations of bromine then the value of m 
which gives a constant value of the product 
k’[Br2]}'-™ will be equal to the order of the 
bromine dependency of the exchange reaction. 
The results of Table II indicate that the rate of 
exchange of bromine with liquid bromotrichloro- 


2.2 


x 


Fic. 3. Temperature dependence of rate of CCI;Br-Br2 
exchange in the gas phase. 


methane is proportional to the square root of 
the bromine concentration. 

The first power dependency of the rate on the 
concentration of CCl;Br is indicated by the 
results listed in Table III for experiments in 
CCl, as a solvent’ and by the results of the gas 
phase experiments listed in Table IV. Except 
for the discrepancy of unknown origin shown by 
the results at 150°C in Table III, the values of 
k calculated using the formula for first order 
dependency on CCl3Br concentration, k= (2k’ 
X[Br2]*)/((CClsBr]), are essentially constant 
over three and fourfold variations in CC1;Br 
concentration. 

A calculation of the activation energy of the 
reaction on the basis of the two temperatures of 
Table I, series A gives a value of 32 kcal. mole. 
The data of Table I, series B and C, for four 
temperatures, plotted in Fig. 2, give 29.8 kcal. 
mole. The latter is probably a more accurate 
value since the experiments of series A were 
exploratory in nature and run under less care- 
fully controlled conditions. The data of Table II] 
for CCl, solutions give a value of about 29 
kcal. mole. 

_ In the gas phase experiments (Table IV) the 
CC1;Br-Br2 ratio was usually less than 100, so 
that, in contrast to the liquid phase runs, where 
the excess of bromotrichloromethane was greater, 
a measurable fraction of the activity would 
have remained in the form of elemental bromine 
at equilibrium. In Table IV the observed frac- 
tion of the activity in the organic layer is de- 
noted by F’, the calculated equilibrium fraction 
by F,, and the fraction of equilibrium achieved 


8 We have found that the rate of the reaction of Bre 
with the solvent is negligible even at the highest tempera- 
ture used in this work. The reaction between CCl, and Brz 
does take place with an easily measurable rate above 
200°C, the activation energy being about 40 kcal./mole. 
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by F 
F=F'/F.; Feo=1/i+r; r=2[Bre]/[CCIsBr]. 


Fig. 3 shows the plot of logk vs. 1/T for the 
gas phase experiments. The slope of this line 
yields a value of 28.7 kcal. mole for the activa- 
tion energy. 

In order to prove the identity of the organic 
radiobromine compound resulting from these 
experiments the organic fractions from one series 
of tubes were combined and fractionally dis- 
tilled with carriers covering a wide boiling point 
range and including CCl;Br. The separate frac- 
tions were counted with a Geiger-Mueller 
counter. Essentially all of the activity was 
found in the CCI;Br fraction. 

A series of experiments was made to determine 
whether or not added constituents affect the 
rate of the CCI;Br-Br2 exchange reaction in the 
gas phase at 170° and at concentrations similar 
to those used in the experiments of Table IV. 
The results indicate that a pressure of O2 15 per- 
cent as great as that of the Bre, of H2O 12 per- 
cent as great as that of the Bre, or of Cl2 40 per- 
cent.as great as that of the Brz causes a decrease 
in the rate constant of approximately 50 per- 
cent. A test in which a quartz tube was used in 
place of the usual Pyrex tube showed no change 
in the rate constant. These results are of quali- 
tative rather than quantitative significanee but 
are adequate to indicate that the reaction is 
not extremely sensitive to any of the variables 
tested. 

Day® has shown that a bromine-sensitized 
photo-chemical formation of C2Cl. from CCl3;Br 
occurs at very low bro- 
mine concentrations. We have determined quali- 
tatively that this reaction also occurs as a ther- 
mal reaction but is not observable at bromine 
concentrations as high as those used in the work 
of this paper. 


DISCUSSION 


The results presented above establish the fact 
that the rate of equilibration of the radiobromine 
between the inorganic and organic phases in a 
mixture of Bre and CCI;Br follows a first order 
law, in agreement with the belief that it is a 


\194ny U. Day, Ph.D. thesis, University of Wisconsin 
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TaBLE V. Comparison of rate constants of CCI;Br-Brz 
exchange in liquid and gas phase. 


k, 
(mole/1)4 
hr.7! 


Conditions 


Liquid Phase 
CCI, Solution 
CCl, Solution 
CCl, Solution 
CCI, Solution 
Gas Phase 
III CCl, Solution 
I Liquid Phase 
IV Gas Phase 


Table 


I 
III 
III 
IV 


Be 


* Obtained by extrapolation on Fig. 2. 


simple exchange reaction. This belief is further 
established by the distillation experiment show- 
ing the organically bound activity to be in the 
form of bromotrichloromethane. 

The fact that the rate of the over-all exchange 
reaction is proportional to the square root of 
the bromine concentration is strong evidence 
that the exchange occurs through the medium 
of bromine atoms whose éoncentration is con- 
trolled by the thermal equilibrium Br2—2Br. 
This suggests that the mechanism of the exchange 
is either 

(2) 


(3) 


CCI;Br+ Br*->CC1;Br*+ Br. (2’) 


It is impossible to distinguish between these 
two mechanisms on the basis of the results re- 
ported in this paper. 

Selected rate constants which afford the best 
comparison of the exchange reaction in liquid 
CC1;Br, in CCl, solution, and in the gas phase 
have been taken from Tables I, III, and IV and 
listed in Table V. 

The near equivalence of the activation energy 
(Figs. 1 and 2) and of the rate constants (Table 
V) in the gas and liquid phases suggests that the 
elementary steps are the same in the two phases 
and that at the same temperature the steady 
state concentration of the bromine atom inter- 
mediate is the same in the two cases. 

The over-all activation energy for the thermal 
CCI;Br-Br2 exchange may be expected to be 
derived from the activation energies of the 
primary steps by the relation Eover-a1=E2 


CCl 3Br+ Br-—CCl3;+ Bro, 
CCl;+ BrBr*—>CC1;Br*+ Br, 


+3(Zi—£,). Substituting the average experi- 
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Tasie VI. Photo-chemical exchange of Brz with CC1;Br in 
CCl, solution.* [CC1;Br ]=0.47 m/l. 


Activation 
Bra T. Quantum 
exchange X10716 yield moles~! 
la 0.335 28 25 4.37 0.63 
1b 0.335 50 42 3.74 1.27 ™ 
2a 0.370 28 8.6 3.90 0.26 
2b 0.370 50 20.5 3.71 0.68 aa 


mental value of 29.2 kcal. mole for Eover-aii; 
45.2 kcal. for E;, the heat of dissociation of Bre; 
and 0 for E,, the activation energy of combina- 
tion of bromine atoms, gives a value of 7 kcal. 
mole! for E2, This appears to be the activation 
energy for either the reaction CCl;Br+ Br—>CCls 
+Bre or which- 
ever accounts for the observed bromine ex- 
change. This result is in agreement with results 
of Day which gave a value of 5-10 kcal. mole! 
for the activation energy of the photo-chemical 
exchange based on the data reproduced in Table 
VI and also with the deductions of Franke and 
Schumacher’? from a study of the bromine- 
sensitized photo-oxidation of CClI;Br. Deter- 
minations la and ib of Table VI were made on 
two cells filled from the same reaction mixture, 
and 2a and 2b on two filled from another re- 
action mixture. In both cases considerable care 
was taken to have the system free from oxygen, 
moisture and other impurities. 

The difference in the quantum yields of the 
two sets of experiments and the variation in the 
temperature coefficient may mean that this re- 
action, like the photo-chemical exchange of Brz 
with CBr,’*, is very sensitive to impurities. If so, 
the mechanisms of the photo-chemical and ther- 
mal exchange reaction are different, or possibly 
oxygen-bromine complexes which use up bromine 
atoms at the temperature of the photo-chemical 
studies are unstable at the temperatures of the 
thermal studies. Further experiments should be 
made to clarify this question. 

If the activation energy of 7 kcal. mole is 
correctly ascribed to the elementary reaction 
CCl;Br+Br—CCl;+Brz it may be concluded 
that the heat of dissociation of the carbon- 


10W. Franke and H. 
Chemie B42, 297 (1939). 


J. Schumacher, Zeits. f. physik. 
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bromine bond in bromotrichloromethane is equal 
to or less than 52 kcal. mole, i.e., the heat of 
formation of the bromine molecule formed plus 
this energy of activation. 

A calculation of the rate of cullisinns between 
Br atoms and CCI;Br molecules leads to the re- 
sult that the rate of collisions involving an 
energy of at least 7 kcal. mole is about 20 
times the observed rate of exchange. In this 
calculation the collision diameter of Br is as- 
sumed to be 2.2A" and that of CCl;Br is as- 
sumed to be equal to 6.4A, the diameter of a 
CCl, molecule in the liquid phase,!? and the 
bromine atom concentration is determined from 
K,* for the Br2=2Br equilibrium. 

In the work reported in this paper the maxi- 
mum activity of the radiobromine used in any 
experiment was about 4X10! disintegrations 
liter-! hour~. If it is assumed as a limiting case 
that all of the energy of the §-radiations from 
these disintegrations was absorbed in the re- 
action mixture and resulted in the cleavage of 
C—Br bonds in CCI;Br, it may be estimated 
that the rate of breaking of C—Br bonds by 
this means is only 10~-* of the observed rate of 
exchange of Bre with CCI;Br. This indicates 
that the effect of the beta- (and also the gamma-) 
radiations on the rate of the exchange can be 
neglected. This conclusion is in accord with the 
experimental observation that the rate of the 
CCl;Br-Br. exchange is independent of the 
specific activity of the bromine in the 10-fold 
range (4X10 dis/1 hr.-' down to 4X10? dis/ 
1 hr.—') covered in these experiments. 


SOLVENT EFFECTS 


By comparing the data for the thermal and 
photo-chemical CCI;Br-Brz exchange in the liquid 
phase it is possible to deduce that only one out 
of every 400 bromine molecules which absorb a 
photon in solution produces atoms which escape 
primary recombination. The steps of reasoning 
involved are in part similar to those used by 
Bodenstein and Liitkemeyer™ in calculating the 


1 E. Rabinowitch and W. C. Wood, Trans. Faraday Soc. 
32, 907 (1936). 


351 1 94s) and N. S. Gingrich, J. Chem. Phys. 11, 
R. Gordon and Colin Barnes, J. Chem. Phys. 1, 
693 (1938). 


4 M. Bodenstein and H. Liitkemeyer, Zeits. f. Physik. | 
Chemie 114, 208 (1924). . 
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rate constants for the dissociation of Bre mole- 
cules and recombination of Br atoms in the gas 
phase and in part related to problems of deter- 
mining the primary photo-chemical yield in solu- 
tion which have been discussed by Dickinson!® 
and others. 

The conclusion is in agreement with the 
“cage’”’ hypothesis originally proposed by Franck 
and Rabinowitch.!® Attempts to verify the 
existence of the process of primary recombination 
and determine its quantitative significance have 
in general supported the hypothesis but have 
not been conclusive.!® Perhaps the most con- 
clusive evidence of the effect of solvent in favor- 
ing the combination of atoms and radicals which 
are formed in the same solvent envelope is fur- 
nished by a study of reactions activated by 
nuclear processes. ® 

The method and assumptions involved in the 
present discussion are outlined below. 

(1) The equilibrium constant for the reaction 
Br2—2Br is assumed to be the same in solution 
as in the gas phase. This assumption is a plausible 
one, since it is probable that ke is the same in 
the liquid phase as in the gas phase and since it 
has been observed that the rate constants in 
gas, solution, and liquid CCl;Br are approxi- 
mately the same, implying equal Br atom con- 
centrations at equal Br2 concentrations. 

(2) The collision frequency between Br atoms 
in solution is assumed to be given by the ex- 
pression for the rate of collisions in the gas phase: 
ZBr-Br = 2n?o?- /M)', and this is assumed to 
be equal to the maximum possible rate of com- 
bination of Br atoms. 

(3) The thermal equilibrium concentration of 
Br atoms (at a specified temperature and Brz 
concentration) calculated by [Br]=(K.[Br ])! 
is employed in (2) to calculate the maximum 
rate of recombination of Br atoms which must 
equal the rate of dissociation of Brz molecules, 
that is to say, k4[ Br ? =ki[ Bre | where ki/ki=K.. 

(4) Assuming that the elementary reaction 
steps and the corresponding velocity constants, 
except for the initial step which produces Br 
atoms, are the same in the photo-chemical and 


% R. G. Dickinson, J. Phys. Chem. 42, 740 (1938). 
6 J. Franck and E. Rabinowitch, Trans. Faraday Soc. 
30, 120 (1934). 


thermal reactions, we have 


where R’ and R represent the rates of the photo- 
chemical and thermal reactions, respectively, at 
the same temperature and concentrations, Q is 
the rate of light absorption in the photo-chemical 
reaction, and £ is the fraction of the absorbed 
quanta which produce dissociation of the bro- 
mine molecules without primary recombination 
within the solvent cage. 

The numerical data used in determining the 
value of 8 by the method outlined above are 
as follows. From Table VI, Experiment 1b, 
[CCI;Br ]=0.47 mole/l; [Br2]=0.00335 mole/I ; 
t=50°C; Q=0.225 Einsteins/l hr.-'; R’=0.352 
mole/! hr.—'. For the thermal reaction, k=7.6 
X10-* (mole/I)- at 50°C by extrapolation 
on Fig. 2, giving R=2.1X10~ mole/! hr.— for 
the concentrations listed above. At 50°C, K,=9.4 
X10-*8 mole/I, this value being derived from K, 
for the gaseous equilibrium." 

The value of 8 obtained is 0.0025. Subject to 
the validity of the assumptions and to an un- 
certainty of a factor of at least 2 in the experi- 
mental value of the rate of the photo-chemical 
reaction, this means that only one bromine 
molecule in 400 which absorbs photons in CCl, 
solution escapes primary recombination and 
yields free bromine atoms to the solution. If 
the number of encounters between bromine 
atoms in solution is less than in the gas phase 
the value calculated for 8, i.e., the quantum 
yield for dissociation of Bre, would be even lower 
than 0.0025. Since the observed quantum yield 
for the exchange of bromine with CC1;Br is about 
unity the chain length of the observed photo- 
chemical reaction must be at least 400 and the 


‘quantum yield of the exchange in the gas phase, 


where negligible primary recombination may be 
assumed, should be about (400)! at 50°C and a 
light absorption rate of 4X10! quanta sec. 
cc~!, if the calculated value for 8 is correct. 
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. The rate of exchange of radioactive bromine between tri- 
chlorobromomethane and bromine in the vapor phase in the 
temperature range 420-455°K has been determined. The 
rate is equal to k[Bre }*(}CC1;Br ], where logiok(moles/liter)~ 
(sec.)~! = (—33,100(+400))/(4.5747)+12.75(+0.20). The 
energy of activation for the elementary reaction between 
bromine atoms and trichlorobromomethane molecules 
is 10.3 kcal., and the frequency factor is 7.910". It is 
proposed that the reaction proceeds via the sequence: Br* 
+BrCCl;—BrBr*+—CCl;, and Cl;C—+Br2*—Cl;CBr* 
+Br*, rather than by a Walden inversion mechanism. The 
observation that chloroform is formed when hydrogen 


bromide, bromine, and trichlorobromomethane are heated 
is cited as evidence for the presence of — CCl; radicals and 
for the reaction Cl;C—+HBr—Cl,;CH+Br. The —CCI; 
radical is then more stable than the —CH; radical by 10 
kcal. or more. 

The vapor pressures of liquid trichlorobromomethane 
are given by the equation: logiop(mm) = (—8240/4.574T) 
+7.64. The exchange reaction Br2(g)+AgBr*—Br2*(g) 
+AgBr readily goes to completion and is the basis for a 
convenient semi-micro method for the preparation of radio- 
active elementary bromine. 


INTRODUCTION 


HE investigation of the kinetics and mecha- 

nism of the exchange of radioactivity be- 
tween atoms and molecules may be expected to 
contribute to an understanding of free radical 
reactions in general in much the same ways 
that the study of exchange reactions between 
ions and molecules in solution has contributed to 
the theory of ionic displacement reactions in 
organic chemistry.! 

Wilson and Dickinson? observed a _ photo- 
chemically induced exchange between bromine 
and trichlorobromomethane in carbon tetra- 
chloride solution at 76°C, suggesting that the 
exchange reaction is between bromine atoms and 
trichlorobromomethane molecules. In order to 
avoid the complications in the interpretation of 
photo-chemical reactions because of non-uniform 
intensity of light along the light path and be- 
cause of uncertainties as to the rate of recom- 
bination of bromine atoms, we have chosen to 
investigate the thermal vapor phase exchange 
between bromine and trichlorobromomethane.® 


* Contribution No. 1232 from the Gates and Crellin 
Laboratories of Chemistry. 

1L. P. Hammett, Physical Organic Chemistry, (McGraw- 
Hill Book Company, Inc., New York, 1940), p. 164. 

2 J. N. Wilson and R. G. Dickinson, J..Am. Chem. Soc. 
61, 3519 (1939). 

3 Just at the conclusion of our experimental work we 
learned that Professor J. Willard and Mr. A. Miller of the 
University of Wisconsin were independently engaged in a 
study of the same problem. J. Chem. Phys. 17, 168 (1949). 


Hodges and Miceli‘ have very briefly reported 
that the exchange between bromine and carbon 
tetrabromide in the gas or liquid phase proceeds 
by a bromine atom mechanism, and that the 
activation energy for the elementary reaction is 
0-3 kcal. 


EXPERIMENTAL 
(a) Preparation of Materials 


The trichlorobromomethane was prepared by 
the reaction of carbon tetrachloride and alumi- 
num bromide.’ A sample boiling at 104.2°C at 
745 mm was obtained by fractional distillation 
in an all-glass apparatus. 

The vapor tensions of the substance were 
measured using a mercury manometer in a glass 
vacuum apparatus. These values, p(0°) =11+1 
mm, p(22°)=35+1 mm, p(24°) =38+1 mm, in 
conjunction with the boiling point at atmos- 
pheric pressure, imply the vapor pressure equa- 
tion, logiop(mm) = (—8240)/(4.574T) +-7.64, and 
a Trouton constant of 21.8. The measured den- 
sity of 1.99 g/ml at 25°C agrees with the litera- 
ture values. 

Hydrogen bromide was prepared by the re- 
action of hydrogen and bromine over a heated 


we Hodges and A. S. Miceli, J. Chem. Phys. 9, 725 
5H. G. Vesper and G. K. Rollefson, J. Am. Chem. Soc. 
56, 1456 (1934). | 
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EXCHANGE OF Br BETWEEN CCI1;Br AND Brz 177 


platinum filament, and purified by repeated 
bulb to bulb distillation in vacuum. 

The radioactive isotope used was the 34.5-hr. 
Br®, It was prepared by irradiation of 12 liters 
of ethylene dibromide with neutrons from a 250- 
mc radon-beryllium source, extracted with 400 
ml of water containing 20 mg of sodium bromide, 
and precipitated as silver bromide, which was 
washed and dried. Radioactive molecular bro- 
mine was obtained by the reaction: AgBr* 
+Br.—AgBr+Br.*. A quantity of 100-200 
microliters of reagent grade bromine was dis- 
tilled in vacuum into a Y-shaped vessel of ca. 
50-ml volume containing the silver bromide. 
The tube was sealed off and heated to 160°C for 
several hours with occasional shaking. The radio- 
active bromine was then condensed in one arm 
of the tube. Under these conditions, there was 
100 percent exchange of activity. Kolthoff and 
O’Brien® report 60 percent exchange between 
bromine vapor and freshly precipitated silver 
bromide at room temperature. This method of 
isolation on the semi-micro scale of radioactive 
bromine was selected and developed because of 
its convenience and because it was believed to be 
a method that was unlikely to introduce im- 
purities, particularly the oxygen bearing im- 
purities that are often troublesome in free radical 
chemistry. 


(b) Procedure for the Exchange Reactions 


Aliquots of Br2* (15-75 microliters) and tri- 
chlorobromomethane (100-300 microliters) were 
mixed in a test tube that could be attached to a 
vacuum apparatus by a ground joint. The mix- 
ture was distilled in vacuum through PO, and 
condensed in liquid air with constant pumping, 
and then distilled into an evacuated reaction 
vessel of known volume. The reaction vessels 
had been treated with hot sulfuric acid-di- 
chromate solution, rinsed with hot water, treated 
with boiling nitric acid, rinsed four times with 
boiling, distilled water, and outgassed by flaming 
in vacuum. The volumes (ca. 80 ml) of the re- 
action vessels were determined by observing the 
weights of water required to fill them to the seal- 
off constriction. 


°I. M. Kolthoff and A. S. O’Brien, J. Chem. Phys. 7, 
401 (1939) off an rien, J em ys 


The exchange reactions took place in the dark 
in an oil bath, the temperature being constant 
to +0.07°C. Temperatures were measured with 
a Chromel-Alumel thermocouple and a Leeds 
and Northrup portable precision potentiometer 
with a precision of +0.05°C. The thermocouple 
was calibrated against standard thermometers to 
an accuracy of 0.5°C. 

In order to avoid possible photo-chemical ex- 
change, reaction mixtures were stored in liquid 
air when not being handled. An experiment 
showed that there was no exchange in unheated 
reaction mixtures. 


(c) Radio-Assay Procedure 


After reaction, the bromine was extracted 
from the trichlorobromomethane with sodium 
nitrite solution. Mercurous bromide was pre- 
cipitated from aliquots of the solution which 
contained an amount of bromide equivalent to 
15 microliters of bromine. Reproducible counting 
samples were obtained by suction filtration of 
the precipitate through disks of S. and S. No. 576 
filter paper mounted on a sintered glass plate. 
The area on which the smooth mercurous bro- 
mide mats were formed was defined with a glass 
tube pressed against the filter paper. In cases 
where analyses were run on two aliquots of the 
same solution, the results agreed within the 
statistical counting error, usually about 1 per- 
cent. The activity of the bromine before ex- 
change was determined in the same way from 
solutions obtained by reducing measured vol- 
umes of the liquid radioactive bromine with 
sodium nitrite. That the transfer of bromine 
into the reaction vessels by distillation was 
quantitative was shown by radioactive assay of 
a reaction mixture which had not been heated. 


(d) Chemical Analyses of Reaction Mixtures 


For the semi-quantitative chemical analyses of 
the reaction products reported in the discussion, 
the components of reaction mixtures were sepa- 
rated and identified using a small glass column 
and the general type of vacuum techniques 
described by Stock’? and Burg.® 


7A. Stock, Hydrides of Boron and Silicon (Cornell Uni- 
versity Press, Ithaca, 1933). 
8 A. B. Burg, J. Am. Chem. Soc. 56, 499 (1934). 
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TABLE I. Exchange reaction between Br: and CC1;Br. 


t k(expt.) k(calc.) 
2[Br2] [CClsBr] sec. sec.71 


T 
Expt. (moles/liter) X1073 °K 
1 6.77 194.3 419.10 
6.38 


ole 


2.97 


36.0 
36.1 


432.00 
433.80 


9.63 


TR THO THR 


442.85 


sesssssssss 


444.25 
445.07 
455.52 


455.75 


RESULTS AND DISCUSSION 
(a) Analysis of the Kinetic Data 


An integrated form of the expression for the 
decrease. of the activity of radioactive bromine 
due to exchange with trichlorobromomethane 
that is originally inactive is 


a x a a+b 
in| (“+1 
b ab 


In this relation 


a=concentration of elementary bromine, in units of 
atoms per unit volume, 

b=concentration of trichlorobromomethane, 

c=initial activity of bromine, 

x=activity of bromine after reaction for time ¢t, and 

R(a, b) is the rate of exchange. 


This result is a consequence of the general 
analysis due to McKay’® of the rate of exchange 
between two components in chemical equi- 
librium. 

We have tested the hypothesis that the ex- 
change is a reaction between bromine atoms in 
thermal equilibrium with bromine gas and tri- 
chlorobromomethane molecules, i.e., R(a, b)=k 
X(a/2)*b. Table I exhibits the analysis of the 
experiments on this basis. It is evident, par- 
ticularly from experiments 2, 4, 5, that the rate 
constant derived in this way is essentially con- 
stant for fivefold and threefold variations in the 


9H. A. C. McKay, Nature 142, 997 (1938). 
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concentrations of bromine and trichlorobromo- 
methane, respectively. 

An experiment in a vessel packed with glass 
beads, in which the surface area was ca. 12 times 
that in an unpacked vessel, established that the 
rate of reaction was not dependent on surface 
area; the rate constants of Table I refer to a 
homogeneous, gas phase reaction. 

It was also established that there were no 
significant side reactions taking place. The fol- 
lowing observations bear on this point: 


(1) The weight of the mercurous bromide 
precipitate from a reaction mixture was the same 
within 2 percent as that from the unreacted 
bromine, and in agreement with the expected 
value. Thus, there was no consumption or forma- 
tion of bromine during the reaction. 

(2) A mixture of bromine and trichlorobromo- 
methane at concentrations of 5.1X10-* and 
17.5X10-* moles/liter, respectively, in a two- 
liter bulb was heated to 456°K for a time such 
that more than 75 percent of the trichlorobromo- 
methane would have undergone exchange. After 
extraction of the bromine, the organic layer was 
dried and fractionally distilled in vacuum. The 
substance was pure trichlorobromomethane with 
the vapor pressures reported above; there was 
less than 4 percent CCl, or other more volatile 
products and less than 1 percent of less volatile 
products (CCI:Br2, C2Cls). Distillation of a 
known mixture showed that less than } percent 
of carbon tetrachloride could be detected by 
this means. 

The variation of k with temperature is de- 
scribed by the equation 


logiok = (—33,120(+400)) /(4.5747) 
+12.75(+0.20). 


The values of the parameters were obtained by a 
least squares analysis of the data of Table I. 
For this treatment it was assumed that the tem- 
peratures were known with certainty. The stand- 
ard deviations in k given in the table were ob- 
tained from the assumption that the error was 
due to statistical error of counting by using an 
analysis of errors in an exchange reaction that 
will be published separately. The comparison 


10 N. Davidson and J. H. Sullivan, to be published. 
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cates that other sources of error were significant. 


(b) The Mechanism of the Reaction 


The dependence of the rate of exchange on 
concentrations implies that the exchange pro- 
ceeds via the sequence: 


Bro*=22Br* 


(fast), (1) 


ko 
Br*+CCI;Br—exchange. (2) 


The bromine atoms liberated in reaction (2) 
are assumed to come rapidly into radioactive 
equilibrium with the rest of the elementary 
bromine. For ko, the rate constant of the ele- 
mentary reaction (2), we have kj =kK,—}, where 
K,=([Br_?/[Bre] is the equilibrium constant (in 
concentration units) for the dissociation of 
bromine. 

For reaction (1), AHe91°x = 46,110 cal.," taking 
AC,=0.6,” AE435°x = 45,620. In addition, ASo98°k 
=25.00 e.u.,!® AS435°x = 26.00 e.u. For the equi- 
librium constant of reaction (1) in a small tem- 
perature range around 435°K, K,=exp(26.00/R) 
Xexp(—(45,620+ RT)/(RT)) and K,=K,/RT 
=(1/RX435°) exp((26.00—R)/(R)) exp(—45,- 
620/RT) = (108-© 620)/4.5747)) Since ko= 
RK}, Ro=7.9 XK 10! *0-20) 19-40, 810( F400) / (4.5747) 
moles/liter Xsec. The activation energy of reac- 
tion (2) is 10,310 cal. The frequency factor corre- 
sponds to a mean collision diameter of 3.3A. This 
frequency factor is but slightly larger than the 
value of ca. 3-10", which holds for several similar 
reactions of bromine atoms as tabulated by 
Kistiakowsky and Van Artsdalen." 

The possible specific elementary exchange re- 
actions are 


Br*+Cl;CBr— 
Br*CCl3;+ Br (Walden inversion), (2a) 


1F, R. Bichowsky and F. D. Rossini, The Thermo- 
chemistry of the Chemical Substances (Reinhold Publishing 
Corporation, New York, 1936). 

2G. N. Lewis and M. Randall, Thermodynamics (Mc- 
Graw-Hill Book Company, Inc., New York, 1923), p. 80. 

®K. K. Kelley, The Entropies of Inorganic Substances 
(1940), Bulletin 434 of the United States Department of 
the Interior, Bureau of Mines. 

*G. B. Kistiakowsky and E. R. Van Artsdalen, J. 
Chem. Phys. 12, 475 (1944), Table V. (The values of A in 
Table V should be multiplied by (575)!/1000 to make 
them comparable to the frequency factor quoted here.) 


EXCHANGE OF Br BETWEEN CC1;Br AND Brz 


Br+ Br*CCl;—Br — Br*¥+ —CCl,, 


(2b1) 
Cl;C —+ (2b2) 
- Other possible reactions of interest here are 


Cl;C BrCCl;— 
Cl;CBr+ —CCl; (no net effect), (3) 


Cls;C —+Cl;CBr—-CCl,+ —CCl.Br, (4a) 
Cl,.BrC — + Br, (4b) 
Cl;C—+ (5) 
ClsC — + Cl;CBr—C,Cl.+ Br, (6) 
Br+Cl;CBr—BrCl+ —CCl,Br, — (7a) 
Cl,BrC — + Br. (7b) 


The observation that there were no significant 
side reactions implies that reactions (4)—(7) are 
not of importance for the present research. 

The heat of the Walden inversion reaction 
(2a) is zero, so that it is not impossible for it to 
have an activation energy of 10 kcals. However, 
there seem to be no certain examples of the 
Walden inversion type of reaction in the free 
radical reactions of organic compounds. There is 
no evident way of proving or disproving this 
mechanism except by the examination of all the 
other possible mechanisms. 

The value of the C—H bond strength of 
methane of 102 kcal. determined by Kistia- 
kowsky and Van Artsdalen (see reference 14, 
p. 478) implies that for the —CHs; radical, 
AH(f)291°x = 32 kcal. For the reaction of methyl 
bromide analogous to (2b): 


Br+BrCH;=Bre+ —CH3, kcal. 
If the reaction scheme (2b) is responsible for the 
exchange, the C—Br bond in _ trichlorobromo- 
methane must be at least 11 kcal. weaker than the 
C—Br bond of methyl bromide. Nevertheless, the 
experiment described below strongly supports the 
hypothesis that the exchange proceeds via this 
mechanism, 

Braunworth and Schumacher" have studied 
the photo-chemical bromination of chloroform. 
The following reactions were of importance in 


15 Using the values for the heats of formation of CH,, 
H, Br, Bro, and CH;Br given in reference 11. 

16V. V. Braunworth and H. J. Schumacher, Kolloid 
Zeits, 89, 184(1939). 
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their discussion of the results: 


E.(k AH(k 

cal.) cal.) 
Cl;CH+Br-Cl;C—+HBr, 10 4 (8a) 
Cl;,C —+HBr-Cl;CH+ Br, 6 (8b) 
—CCls, 6 (2b1) 


Cls;C — + Br2—Cl;CBr-+ Br. 6 (2b2) 


. Reactions (8a) and (2b2) are the direct se- 
quence for the bromination. Reaction (8b) ac- 
counts for the inhibition of the reaction by 
hydrogen bromide, and reaction (2b1) for the 
inhibition of the reaction by trichlorobromo- 
methane. The temperature coefficient of the 
rate of reaction gives the activation energy for 
reaction (8a). The values for (2b) were obtained 
from a study of the bromine sensitized photo- 
chemical oxidation of trichlorobromomethane.!” 
The inhibiting effect of hydrogen bromide cor- 
responded to a rate constant for reaction (8b) 
of ca. 75 that of (2b2) ; this ratio was independent 
of temperature, so that the activation energies 
of the two reactions must be the same. The values 
of AH were obtained as differences of activation 
energies, they imply that 


CClzsH+ Br2—CCl1;Br + HBr AH=4. (9) 


This conslusion that the bromination of ‘chloro- 
form is endothermic is somewhat surprising. 
Since the entropy of the reaction is probably 
quite small, it implies that the equilibrium in 
the reaction should lie largely to the left. Actu- 
ally the reaction has been used for the synthesis 
of trichlorobromomethane in a sealed tube.!8 
The conclusions of Schumacher aiid Braun- 


sC1—C- :C1—C: 

:C1s 
hima 


Fic. 1. 


17W. Franke and H. J. Schumacher, Zeits. f. physik. 
Chemie B42, 297 (1939). 
18 E, Paterno, Jahresb. Forts. Chemie 24, 259 (1871). 
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worth may not therefore be entirely correct. 
They contain, however, the interesting sugges- 
tion that reaction (8b) takes place at a rate 
comparable to that of (2b2) and that the forma- 
tion of chloroform in the presence of hydrogen 
bromide be used to detect — CCl; radicals. 

In an experiment in a two-liter flask the initial 
concentrations (in moles/liter) were : [Bre ]=1.85 
X10, [HBr]=3.80x10, [CCI;Br]=3.37 
X10-*. The mixture was heated to 460°K for a 
time of about a half-time for the exchange reaction 
of the trichlorobromomethane with bromine. 
After extraction of the hydrogen bromide and 
bromine, the organic layer was examined in a 
Beckmann infra-red spectrophotometer and by 
vacuum distillation. 

The infra-red study revealed the absorption 
bonds of chloroform; the optical density of the 
3.3u-CH fundamental corresponded to a mole 
ratio of chloroform to trichlorobromomethane of 
0.10. In the vacuum distillation, the only frac- 
tions isolated were chloroform and _trichloro- 
bromomethane in a mole ratio of 0.19. The 
chloroform was identified by its vapor tension; 
its vapor density corresponded to a molecular 
weight of 118.4 (th. 119.4). 

The observation that the rate of formation of 
chloroform is comparable to the rate of the ex- 
change reaction strongly suggests that the ex- 
change proceeds via the reaction sequence (2b) 
involving the —CCl; radical. We are now en- 
gaged in a precise study of the kinetics of the 
formation of chloroform definitely to settle this 
point. 

It is noteworthy that as part of the recent 
developments in free radical chain reactions in 
organic chemistry, —CCl; radicals, generated 
either from chloroform or from trichlorobromo- 
methane, have been used as chain carriers.” 
The results of the present research suggest that 
the carbon bromine bond in _trichlorobromo- 
methane is weaker than the carbon bromine 
bond in methyl bromide. Braunworth and 
Schumacher’s values for the activation energy 
and heat of reaction (8a) are much smaller than 
Kistiakowsky and Van Artsdalen’s'* values for 


19M. S. Kharasch, E. V. Jensen, and W. H. Urry, J. Am. 
Chem. Soc. 69, 1100 (1947). 

20 M. S. Kharasch, O. Reinmuth, and W. H. Urry, J. Am. 
Chem. Soc. 69, 1105 (1947). 


EXCHANGE OF Br BETWEEN CC1;Br AND Br; 


the corresponding reaction of methane, viz., 
CH,+Br = (—CH;)+HBr, Ex = 17.8, AH =15.8. 


There is, therefore, evidence that the carbon 
hydrogen bond in chloroform is weaker than the 
carbon hydrogen bond in methane. If it is in 
general true that the C—X bond in CC1;X is 
weaker than the C—X bond in CH;X, we may 
say that the —CCl; radical is relatively more 
stable than the —CH,; radical. It may be that 
this is because of either: (a) steric repulsion of 
the chlorine atoms in Cls;CX compounds, which 
is partly relieved in the Cl;C— radical because 
the chlorine atoms are further apart; (b) reso- 
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nance stabilization involving the structures shown 
in Fig. 1. 

This latter type of stabilization will be more im- 
portant the more readily an electron can be re- 
moved from the ligands attached to the carbon. 
Judging from the present research, the extent of 
the stabilization of the —CCl; radical is greater 
than 10 kcal. 


ACKNOWLEDGMENT 


We are indebted to Professor R. M. Badger 
and Mr. S. Burket for their cooperation in the 
infra-red analysis for chloroform. 


| 
ect. 
rate 
ma- 
gen 
itial 
185 | 
3.37 | | 
ora | 
tion | 
ine. 
and} 
ina | 
by | 
tion 
the 
nole 
of 
loro- 
The 
; 
‘ular 
of 
> eX- 
eX- 
(2b) 
en- 
the 
this 
cent 
is in 
‘ated 
9mo- 
19, 20 
that 
omo- 
mine 
and 
ergy 
than 
s for 
Am. 
|. Am. 


THE JOURNAL OF CHEMICAL PHYSICS 
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The infra-red spectrum of C2HsD has been investigated under high resolution. As expected, 


the bands corresponding to degenerate vibrations of C2Hg are split into two components with 
oscillations in the symmetry plane and normal to the symmetry plane respectively. Analogues 
of several of the inactive C:H¢ frequencies have also been observed, including a pair at 1122 
cm and 1159 cm™ corresponding to a Raman line of ordinary ethane which has been predicted 


LTHOUGH the infra-red and Raman 

spectra of ethane have been examined on 
a number of occasions,! several uncertainties re- 
main. vi2, sometimes called the ‘uncertain fre- 
quency” has never been observed in the Raman 
spectrum and its value has had to be ascertained 
by indirect methods. The frequency of the 
internal torsional motion and the height of the 
barrier hindering free rotation remain open to 
question. Furthermore, there is not sufficient ex- 
perimental evidence to decide definitely whether 
ethane belongs to the point group D3, or to the 
point group 

The infra-red spectrum of the slightly asym- 
metrical mono-deutero-ethane molecule here re- 
ported, has been investigated as a means of 
acquiring more information regarding the exist- 
ing uncertainties. The only previously published 
work on C2H;D was done by E. Bartholome and 
H. Sachsse.? They used low dispersion and con- 
sidered only the 12 and 6.8u regions. Benedict, 
Morikawa, Barnes, and Taylor* have also pub- 
lished some work on deutero-ethanes but made 
no attempt to prepare and analyze specific ones. 

The replacement of one of the hydrogen atoms 
in the ethane molecule by a deuterium atom 


results in the formation of the asymmetric 


* Now at Morgan State College, Baltimore, Maryland. 
1A, Levin and C. F. Meyer, J. Opt. Soc, Am. 16, 137 
(1928); E. Bartholome and J. Karweil, Zeits. f. physik. 
Chemie B39, 1 (1938) id. Karweil and K. Schafer, ibid. 
B40, 382 (1938); B. L. wford, W. H. Avery, and J. W. 
Linnett, J. Chem. Phys. 6, 682 (1938); P. Daure, Ann. de 
hysique 12, 375 (1929); C. M. Lewis and W. V. Houston, 
Fine Mee. 49, 903 (1933); G. Glocker and M. W. Renfrew, 


. Chem. Phys. 6, 295 and 409 (1935); G. Goubeau and 
. Karweil, Zeits. f. physik. Chemie B40, 376 (1938). 
*E. Bartholome and Sa 
Chemie B30, 40 (1935). 
’ Benedict, Morikawa, Barnes, and Taylor, J. Chem. 
Phys. 5, 1 (1937). 


chsse, Zeits. f. physik. 
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at about 1170 cm™ but has not as yet been found. 


C:H;D molecule. This molecule possesses only 
one element of symmetry which is a plane con- 
taining the deuterium atom, the two carbon 
atoms, and one hydrogen atom. It belongs to 
the point group C, and the symmetry type of a 
vibration is called A’ or A” depending on 
whether the vibration is symmetric or anti- 
symmetric with respect to the plane of symmetry. 
It can be shown that eleven of the eighteen 
fundamental frequencies belong to symmetry 
class A’ while the remaining seven belong to the 
class A”. 

The reduction in symmetry removes the de- 
generacy of the perpendicular bands of C2He¢ 
and allows the possibility of certain bands which 
are active only in the Raman spectrum of 
ethane to become observable in the infra-red 
spectrum of mono-deutero-ethane. 

The mono-deutero-ethane was prepared by 
the well-known Grignard reaction : 


C.H;Br+Mg—C.HsMgBr, (1) 
OD 


. (2) 
Br 


Precautions were taken to assure the absence of 
ether and water vapor in the final product. The 
mono-deutero-ethane was found quite free of 
impurity except for a trace of ethylene which 
had probably been left in the system when it was 
previously used for the preparation of that gas. 
Only the 950 cm band of ethylene, which is 
indeed a very intense one, appeared in the infra- 
red spectrum of the final product. It is certain 
that the amount of C.H¢ was small though the 
heavy water was not of the highest purity. 
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INFRA-RED SPECTRUM OF C2h;D 


Throughout the experimental observations a 
grating spectrometer with a rocksalt foreprism 
was used. This instrument has been described by 
Barker and Meyer.‘ The individual points used 
for plotting were obtained as the result of several 
deflections of the galvanometer with and without 
the gas cell in the beam. Table I lists the experi- 
mental conditions under which various regions 
of absorption were studied. The observed bands 
are shown in Figs. 1-5. Recent observations on 
the perpendicular bands of C2H¢ are also shown 
for comparison with their counterparts in C.H5D. 

The slight asymmetry of the C.H;D molecule 
will result in the splitting of the doubly degen- 
erate perpendicular bands of C2H¢ into two 
components of the types called C and B de- 
pending on whether the change of electric mo- 
ment takes place along the major or intermediate 
axis of inertia. The general nature of the appear- 
ance of the infra-red bands of an asymmetric 
rotator has been discussed by Nielsen® for planar 
molecules and by Badger and Zumwalt® in the 
more general non-planar case. Generally speak- 
ing, the C type bands show a central maximum, 
as a result of a tendency of the K structure to 
converge toward the center, while the B type 
bands show a central minimum or gap caused by 
the tendency of the K structure to diverge from 
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the center. The C.H;D bands whose centers are 
at 804.62 cm and 715.18 cm= are excellent 
examples of the C and B type bands respectively. 
These two bands are the components into which 
the 821 cm band (v9) of ethane is split because 
of the asymmetry of the C2.H;D molecule. The 
two bands observed at 1159.00 cm= and 1121.95 
cm are also typical examples of such bands. 


TABLE I. Experimental conditions used in observations. 


Grating Pres- 

(lines sure 

Center per i i (cm 
(cm~) inch) Hg) 


2400 35 
2400 18 


2400 


2400 


2400 
4800 
4800 
4800 
4800 
7200 


715.18 

804.62 
1121.95 
1159.00 
1309.76 
1311.73 
1468.55 
2180.55 
2281 
2596 
2753.53 
2981.07 


It seems probable that this pair is the counter-_ 
part of the “‘uncertain frequency”’ (v2) in ethane, 
for the observations show this to be the only 
remaining pair having pure C and B type struc- 
ture. This frequency, which is Raman active in 


1. The Vg of 
and the correspondin Ir Oo 
bands for 


‘E. F. Barker os C. F 
5H. H. Nielsen, Phys. Rev. 38, 1432 (1931). 
M. Badger 


. Meyer, Trans. Faraday Soc, 25, 912 (1929). 
Zumwalt, J. Chem. Phys. 6, 711 (1938). 
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C2H¢s but has never been observed, could be 
active in the infra-red spectrum of C.H;D, and 
one would expect it to appear with low intensity, 
which is the case. Since in general the replace- 


| WAVE NUMBER 
18801880 1300 


Fic. 2. The vg band of C2H¢ and the corresponding pair 
of bands for C:H;D. The Q branch at 1388 cm= in the 
middle curve corresponds to the frequency vs in C2Hg. 


ment of a hydrogen atom by one of deuterium 
removes the degeneracy and two components 
appear, one in approximately the same position 
as for C2H¢ and the other at a considerably lower 
frequency, the value 1170 cm calculated by 
Stitt’? from his work on C2Ds¢ is experimentally 
substantiated. 

It may happen in certain vibrations of an 
asymmetric molecule that the change of electric 
moment does not take place purely along one of 
the principal axes, but has components along 
two or possibly three of the axes, in which case 
bands of a two- or threefold hybrid character 
will appear. A superposition of the corresponding 
pure band structures will result and the observed 
band will have neither the appearance of a pure 
C type nor that of a pure B type band. Examples 
of such bands observed in the infra-red spectrum 
of C.H;D are the pair at 1311.73 cm and 
1468.55 cm which correspond to the doubly 
degenerate 1480 cm-! band (vs) of C2H¢ and the 
pair at 2981.07 cm and 2180.55 cm™ corre- 
sponding to the doubly degenerate 2989 cm 
band (vz) of C2He¢. It is to be noted that each 
of the components exhibits a central maximum. 


7F, Stitt, J. Chem. Phys. 7, 297 (1939). 
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It is probable that the 1309.76 cm band 
which appears in Fig. 2 as the weaker component 
of a doublet, is another instance in which the 
asymmetry of the C2H;D molecule allows the 
appearance of a frequency in the infra-red 
spectrum the counterpart of which was forbidden 
in the infra-red spectrum of the symmetrical 
C2He molecule. If this band at 1309.76 cm is 
one of the components related to the 1463 cm= 
Raman-active vibration of then it 
would appear that the 1468.55 cm band of 
C:HsD should also show a doublet nature. Not 
only should the £,** infra-red active band split 
into two components in going over to C2.H;D 
but the Z, Raman-active frequency should do 


Fic. 3. The v7 band of C.H¢ and the corresponding pair 
of bands for C:H;D. In the upper curve one of the Q 
branches of vs appears at 2954 cm~. The low frequency 
component in the middle curve is a hybrid of types A and 
B. In the lower curve the Q branch of the band corre- 
sponding to v7 is found at 2981 cm™, with the Q branches 
of the og of resonance doublets corresponding to vs and 
v; on the lower frequency side. 


likewise. Again, one of the components will be 
expected to appear at a frequency only slightly 
different from the EZ, frequency, while the other 
will be shifted considerably toward lower fre- 
quencies. However, in the case of the least 
shifted frequency, the presence of the deuterium 
atom has very little effect on the motions of the 
hydrogen atoms, and if the corresponding fre- 
quency in C2He is inactive in the infra-red 


** Naming the symmetry of the vibrations in accord 
with a D2 configuration is not to be interpreted as elimi- 
nating the D3, possibility. 
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because it involves no change in electric moment, 
then the change in electric moment will probably 
be quite small in the case of C,HsD. On the 
other hand, in the component of lower frequency, 


' the deuterium atom has a large effect on the 


motion of the hydrogen atoms, and the change in 
electric moment may be correspondingly larger, 
yielding a greater intensity of absorption. Thus, 
the 1400 cm component Which is to be associ- 
ated with the 1309.16 cm frequency is probably 
obscured by the much greater intensity of the 
1468.55 band while the 1309.16 
component is observed since its intensity is 
nearly comparable with that of the 1311.37 cm 
band. 


Fic. 4. The B type component at 1122 cm™, and the C 
type component at 1159 cm™ of the pair of bands corre- 
sponding to v12 in C2Hg, the uncertain Raman frequency. 


The asymmetric rotator also exhibits A type 
bands which correspond to the parallel bands of 
a symmetric rotator. In the infra-red spectrum 
of ethane a Fermi-doublet with components at 
2954 cm and 2894 cm is observed. The 
Raman spectrum exhibits a similar Fermi-doub- 
let with components at 2899 and 2955 cm=. In 
the corresponding region of absorption in C.HsD, 
again a Fermi-doublet appears but each compo- 
nent of it appears to be double. The measure- 
ments indicate that parallel Q branches appear 
at 2892.33, 2896.87, 2948.86, and 2952.93 cm—. 
There is, then, at least an indication that the 
C:HsD vibration which corresponds to the 
highest frequency Raman active A,, vibration 
(v;) of ethane, appears in infra-red absorption 
as well as the vibration which corresponds to the 
A», infra-red active frequency (vs) in the same 
region. 

The A type band which appears in C2H;D at 
1388.42 cm is no doubt the counterpart of the 
1379 cm- band (v¢) in C2H¢. The fact that the 
frequency is higher in C,HsD indicates that the 
presence of the deuterium atom has the effect 
of changing the motion of the hydrogen atoms 
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in such a way that a larger restoring force acts 
upon them in C;H;D than in 

The Raman active counterpart (v2) of the 
1379 cm infra-red active band has never been 


Fic. 5. Observed combination bands in C2H;D. 


observed. However, its value is estimated by 
means of the moderately strong parallel type 
combination band at 2753.6 cm—. In the infra- 
red spectrum of C.H;D, an almost identical 
parallel combination band is found at 2753.53 


TABLE II. Fundamental frequencies of and 
as suggested on basis of present observations. 


Symmetry Symmetry 
typein  Assign- type in 
CeHe ment v(cm~1) CeHsD v(cm~!) 
2899 2892 
Ai, v1 2927* 2923* 
2955 2953 
v2 1375** 1365** 
V3 993 ? 
2894 2897 
Acu V5 2924* A’ 2923* 
2954 
1379 1388 
a? 2981 
Ey v7 2989 
A’ 2180 
xc 1468 
Vs 1480 
A’ 1312 
A" 804 
V9 821 
A’ 715 
a ? 
E, Vio 2960 
? 
1477** 
Vu 1460 
A’ 1310 
1159 
Vi2 1170** 
A’ 1122 


* Arithmetical mean of resonance doublet shown. 
** Calculated by means of observed combination bands. 
*r* Stitt’s value of uncertain frequency. 
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cm, No doubt, it is the combination of the 
1388 cm band and the unobserved parallel 
fundamental of C;H;D in the same region. It 


I lines of the 715.18 cm 


TABLE III. Positions of princi 
2H;D. 


band of 


717.80 
719.97 
724.20 
727.30 
730.65 
734.18 
737.35 
740.85 
744,12 
747.47 
750.78 
754.03 


682.84 cm™ 
686.39 
689.78 

693.22 
696.63 
700.03 
703.62 
707.27 
711.20 
713.77 
715.18 (central minimum) 


can be estimated, therefore, that the frequency 
of the latter is 1365 cm—. 

Two other combination bands have been 
observed in the infra-red spectrum of C.H;D. 
One is the weak band, apparently perpendicular 
in type, at 2595.63 cm. The other appears to 


1 lines of the 804.62 cm= 


TABLE IV. Positions of princi 
2H;D. 


band of 
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the sum of the 1469 cm frequency and the 
1120 cm~ frequency. It is gratifying to observe 
this combination which involves one of the 
components of the pair of bands at 1120 and 
1159 cm“, for its appearance supports the 
contention that this pair of bands is the counter- 
part of the “uncertain frequency”’ (v12) of CoHe. 

The only reasonable assignment for the 
parallel combination band at 2281 cm~ appears 


TABLE V. Line positions in the 1310 cm bands of C2H;D. 


1305.33* 
1307.79* 
1309.76 (central 
1311.73 maxima) 
1318.69 

1320.18 

1322.70 
1324.18* 
1326.21 
1328.25* 
1329.79 
1331.81* 
1333.33 
1335.39* 
1336.94 
1339.00* 
1340.54 
1342.61* 
1344.19 


1264.62 cm™ 
1268.03 
1272.21 
1276.62 
1280.21 
1282.71 
1284.82 
1286.00 
1287.32 
1288.85 
1290.21 
1291.24 
1292.35 
1293.88 
1295.29 
1298.38 
1299.91* 
1302.42 


826.36* 
827.66 
829.90* 
831.32 
831.84 
833.60* 


771.00 


800.38 

804.62 (central maximum) 
811.12 

814.08 

817.43 

820.98 

822.50* 

824.56 


* Weak lines. 


be a parallel type band with its Q branch at 
2281.11 cm™. 

If it is assumed that the selection rules for the 
combination bands of ethane still hold in the 
slightly modified C;H;D molecule, the only 
reasonable assignment for the 2596 cm band is 


* Weak lines. 


TABLE VI. Line positions in the 1468.55 cm™ 
band of C2H;D. 


1431.94 


1435.53 
1439.13 
1442.13 
1445.47 
1449.10 
1453.41 


1468.55 (central 
maximum) 
1473.20 
1478.27 
1482.73 
1488.42 
1492.13 
1496.90 
1458.67 1501.48 
1462.48 
1510.70 


Q branch of parallel band at 1388.42 cm 


to be the sum of the 804 cm™ frequency and the 
unobserved frequency in the 1400 to 1500 cm 
region, corresponding to the E, band of ethane 
in this vicinity. Using the combination band to 
determine the frequency of the unobserved 
vibration, its value is approximately 1477 cm. 

Table II gives the suggested set of funda- 
mental frequencies for C.Hs and C,H;D. It will 
be noted that the frequencies of all the EZ, bands 
are slightly different from those given by Stitt.’ 


772.95* 
774.20 
780.53 
782.04* 834.84 
783.70 835.72 | 
790-18 | 
791.97* 839.50 
796.97 843.28 
798.95* 844.36 
845.56 
846.84 
848.22 
850.44 
851.72 
852.84 
854.34 
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TABLE VII. Line positions in the 2180.55 cm= TABLE IX. Line positions in the 1121.95 and 1159.00 cm 
band of C2H;D. bands of C2H;D. 


2148.52 2183.90 1121.95 cm~! band 1159.00 cm=! band 
2151.85 2185.85 
2155.05 2189.68 1098.27 1159.00 (central 
2158.80 2192.85 maximum) 
2162.58 2195.85 1102.30 1160.49 

1110.13 1169.18 

1117.74 1176.70 


4 
2180.55 (central maximum) ee 1120.90 1180.84 


1121.95 (central 1184.97 
minimum) 
TABLE VIII. Tine the 2981 cm 1125.13 1193.36 
1128.32 1197.40 
1130.63 1201.47 
2981.07 cm=! (central 2997.64 1133.71 1205.55 
maximum) 1136.58 
2984.29 3000.47 
2987.29 3003.07 1139.60 
2990.53 3006.64 1142.87 
2994.20 3010.21 


2892.33 
Parallel band doublet 2896.87 


under high resolution. In Tables III to IX the 
positions of the principal lines in the various 

observed bands are listed. 

These differences are based on recent observa- These frequencies have not been corrected to 

tions in this laboratory of the ethane spectrum vacuum. 
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Magnetic Susceptibility, Freezing Point Diagram, Density, and Spectral 
Absorption of the System Vanadium Tetrachloride-Carbon Tetrachloride 


A. GREENVILLE WHITTAKER* AND Don M. Yost** 


FEBRUARY, 1949 


Gates and Crellin Laboratories of Chemistry, California Institute of Technology, Pasadena, California 


N the basis of results of freezing point 
lowering experiments, it was reported by 
Simons and Powell! that an equilibrium existed 
between VCl, and V2Clx in carbon tetrachloride 
solution. Since vanadium tetrachloride is an odd 
molecule, it was implied that dimerization could 
take place, as in nitrogen dioxide, such that the 
odd electrons become paired. In the present 
paper are reported the results of a study on the 
system by means of magnetic susceptibility 
measurements, freezing point diagram deter- 
mination, and spectral absorption of the solu- 
tion, as a function of concentration of vanadium 
tetrachloride in carbon tetrachloride. 


PREPARATION OF THE MATERIALS 


The vanadium tetrachloride was prepared by 
passing dry chlorine over about 3.4-inch mesh 
lumps of ferrovanadium in a 4- by 40-cm Pyrex 
tube at 400° to 450°C. The chlorine was dried 
by bubbling it through concentrated sulfuric 
acid; a sintered glass served as a gas disperser. 
The composition of the ferrovanadium used was: 
vanadium, 50 to 55 percent; silicon, 4.0 percent; 
carbon, 1.0 percent; iron, 45 to 50 percent. The 
large iron content caused the reaction tube to 
clog readily with the ferric chloride which con- 
densed just outside the heated zone. To mini- 
mize the effect, a three-inch bulb was sealed onto 
the reaction tube at this location, the furnace 
lining was made of copper to give a more even 
distribution of heat to the reaction tube to the 
very end of the furnace, and a reaction tempera- 
ture was maintained well above the sublimation 
temperature of ferric chloride. 

The chief impurities in the crude product 
were silicon chlorides, which were easily removed 
by distillation at atmospheric pressure. It was 


*du Pont Fellow in chemistry at the California Insti- 
tute of Technology. 

** Some of the material in this paper was presented by 
one of us (D.M.Y.) in the Julius Stieglitz Memorial lecture 
at the University of Chicago in April 1946. 

1 J. H. Simons and M. G. Powell, J. Am. Chem. Soc. 67, 
75 (1945). 


(Received August 25, 1947) 
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found that mixing the crude product with an 
equal volume of dry carbon tetrachloride helped 
to get rid of the silicon chlorides in the distilla- 
tion process. The distillation column was 30 cm 
long, and was packed with glass spirals. When 
the carbon tetrachloride and silicon chlorides 
were distilled off and the temperature at the top 
of the column reached about 148°C, the system 
was then evacuated to about 30 mm Hg and 
samples of about 50 cc each were collected. Four 
large batches were made this way, and each 
time the analysis of the finished product was 
about the same: vanadium, 26.38 percent; 
chlorine, 73.13 percent--the theoretical values 
are 26.43 percent and 73.57 percent, respectively. 

Vanadium was determined by dissolving the 
sample in water and fuming out the chloride ion 
with sulfuric acid. The resulting solution was 
then diluted, the vanadium was reduced with 
sodium bisulfite, excess SO2 boiled out, and the 
resulting vanadyl solution was titrated with 
standardized permanganate solution. Chlorine 
was determined by carefully placing a sample in 
water so that the hydrogen chloride formed in 
the vigorous reaction between vanadium tetra- 
chloride and water could not escape. The chloride 
ion in the resulting solution was then determined 
as silver chloride by standard gravimetric 
methods. 


MAGNETIC STUDIES 


Apparatus 


Magnetic measurements were made by the 
Gouy method.?~* The magnet was water cooled 
and run by large storage batteries. Currents 
between 10 and 15 amperes which gave fields in 
the range of 7200 to 8500 gauss were employed. 
Magnet currents could be held constant to 


2 Pierce W. Selwood, Magnetochemistry (Interscience 
Publishers, Inc., New York, 1943), p. 2. 

Wilhelm Klemm, Magnetochemie (Akademische Ver- 
Leipzig, 1936), p. 50. 

4L.F. Bates, Modern Magnetism (Cambridge University 
Press, Nottingham, 1939), p, 97. 
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TaBLE I. Susceptibilities and densities of solutions of 
vanadium tetrachloride in carbon tetrachloride 
(series 3 and 4 at 25.4°C). 


Density of 
solution 
g/cc 


1.8255** 


Suscept. 
Conc. VCla 
(mole fract.) 


* ueff moment in effective Bohr magnetons. 
** These may have contained some VCls. 


within 0.02 ampere for sufficient time to make a 
single measurement. The magnet pole pieces 
were eight centimeters in diameter at the base 
and tapered sharply to 4 cm at the faces. Pole 
faces were 2.5 cm apart. The balance used was 
capable of measuring weight changes to about 
0.2 milligram. 

The sample tube was the usual partitioned 
type with upper and lower sections, except that 
the upper section was fitted with a specific 
gravity bottle top plus a cap, so that density 
and magnetic measurements could be made at 
the same time. The volume of the upper section 
was determined with freshly distilled water and 
was found to be 45.822+0.002 cc at 25.3°C. 
Surrounding the sample tube region was an air 
thermostat equipped with heaters, fan, and a 
mercury thermoregulator. The temperature of 
the thermostat could be held constant to within 
+0.1°C. 


Calibration of Apparatus 


A nickel chloride solution containing about 28 
percent NiCl. by weight was used to calibrate 
the apparatus. The solution was prepared by 
dissolving ‘‘reagent grade’’*** NiCl.-6H.O in 
distilled water. A gravimetric determination of 
nickel ion was made on the solution by means 
of dimethylglyoxime. The gram susceptibility 
of nickel chloride solution® was taken as 
x=[(10030X/T) —0.720(1—X)]X10-*, where T 


*** Some reagent grade NiCl,-6H:O was found to con- 
tain intolerable amounts of manganous salts which were 
not mentioned in the analysis on the label. 

H. R. Nettleton and S. Sugden, Proc. Roy. Soc. A173, 
313 (1939), 
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is the absolute temperature and X the weight 
fraction of NiCl, in solution. 

It was found more convenient to evaluate an 
“apparatus constant” rather than attempt to 
measure absolute values of magnetic fields. This 
was done by measuring the pull at certain mag- 
net currents on the sample tube to be used 
when the top half was filled with a nickel chloride 
solution of known susceptibility and the bottom 
half contained air at a pressure of one atmos- 
phere. The “apparatus constant”’ is simply the 
change in pull divided by the difference between 
the susceptibility of the solution and air. This 
gives an apparatus constant corresponding to 
particular values of magnet current only. It 
automatically takes into account effects of re- 
sidual fields, non-uniformity of the tube di- 
ameter, absolute field strengths, and the ac- 
celeration due to gravity, and lumps them into 
one constant that is easy to determine. The 
apparatus constant had to be checked before and 
after each series of determinations, since the 
magnet iron appeared to show slight changes 
with usage. Nickel chloride solutions also ap- 
peared to change slightly over a period of several 
months so that fresh solutions were used for 
each calibration. It was found that the pull on 
the tube was not affected by changing the posi- 
tion of the tube with respect to the magnetic 
field within easily reproducible limits. The empty 
sample tube showed a slight change in pull with 
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. 1. Gram susceptibility for the system vanadium 
tetrachloride-carbon tetrachloride at 25.3°. 
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field, but the correction was small (0.0003 g) and 
affected measurements on dilute solutions only. 


Measurements 


Magnetic and density measurements on pure 
vanadium tetrachloride and on the more con- 
centrated solutions (50 percent or greater) were 
made as soon as possible after each preparation 
to avoid any errors that might arise due to de- 
composition; the more dilute solutions were 
fairly stable. The carbon tetrachloride used was 
dried for at least one week over anhydrous mag- 
nesium perchlorate. Table I shows the results 
obtained. The values of pers were calculated ac- 
cording to the relation pers=2.83(xm7)', where 
Xm is the experimental value given in column 
three, Table I, and T is the absolute temperature. 

Four such series were run, but the first two 
were not acceptable as quantitatively correct. 
However, the first two series showed the same 
general behavior as the last two, and it is be- 
lieved that the small variation of mole suscepti- 
bility with concentration is a real effect even 
though accurate values are not easy to get as 
the solutions become more dilute. The sus- 
ceptibility of the solutions was not precisely a 
linear function of the concentration, as may be 
seen in Fig. 1. Each susceptibility value is the 
average of three (for series 3) or four (series 4) 
measurements on the same solution at different 


field strengths; such experiments showed the - 


susceptibility of the solutions to be independent 
of the field strengths employed. The mass sus- 
ceptibility and density of the carbon tetra- 
chloride used were found to be —0.432X10-° 
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Fic. 2. Specific volume for the system vanadium 
tetrachloride-carbon tetrachloride at 25.3°. 
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TABLE II. Effect of temperature on the magnetic 
susceptibility of vanadium tetrachloride. 


Abs. temp. 


274 +1 
298.9+0.2 
328.7 +0.7 


xm( X108) 


1234 
1152 
1041 


xmT 


0.365 
0.373 
0.375 


and 1.5837 g/cc at 25.3°C, respectively. The 
corresponding values from the International 
Critical Tables* are —0.429X10-* and 1.58376 
g/cc at 25.3°C. 

The values in Table I were calculated in the 
following manner: 


x=(1/p)[(AW/C)+Ke] 


and 


Xm = 192.78[(1/pf)[(AW/C)+Ka] 
+0.432[(1—f)/f] x 10-], 


where p is the density of the solution, f is the 
weight fraction of vanadium tetrachloride in 
the solution, AW is the change in pull in grams 
on the sample from zero magnet current to full 
current, K, is the volume susceptibility of air, 
which was taken as 0.027 X10-* for the general 
laboratory conditions of 25° and 750 mm Hg, 
and C is the apparatus constant calculated as 
previously described. 

The magnitude of AW ranged from 0.7387 
gram for pure VCl, to —0.0124 gram for the 
most dilute solution at maximum field strength. 
Apparatus constants ran something as follows: 
at a magnet current of 10 amperes C=5.003 
X10*, at 15 amperes C=6.878 X10‘, for the 
fourth series. 

The specific volume of the system (Fig. 2) 
shows that the volume of the solution is generally 
slightly less than the sum of the volumes of the 
pure components. The observed density of pure 
vanadium tetrachloride was 1.8198 g/cc at 
25.3°C and agrees fairly well with the inter- 
polated value of 1.8187 g/cc at 25.3°C from the 
data given by Roscoe.’ 


Variation of Susceptibility with Temperature 


Magnetic susceptibility measurements were 
made on a fresh sample of vanadium tetra- 


6 International Critical Tables (McGraw-Hill Book Com- 
pany, Inc., New York, 1930), Vol. 6, p. 361; Vol. 3, p. 28. 

7K. S. Gibson and M. M. Balcom, J. Opt. Soc. Am. 37, 
593 (1947). 
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Fic. 3. Freezing point apparatus. 


chloride at three different temperatures, Since 
the apparatus was not well adapted for this 
type of work, the temperature range was rather 
narrow. The results are given in Table II. In 
calculating the values of xmZ a diamagnetic 
correction of —98X10-® was used. The @ values 
were calculated from the Curie-Weiss formula 
Xm_C/(T'—6)], using 0.372 (assuming the theo- 
retical value for one unpaired electron) as the 
value of the Curie constant. Experimental errors 
plus the uncertainty in the diamagnetic correc- 
tion cause an uncertainty in @ of a magnitude 
about equal to the average value of 86. 


FREEZING POINT DIAGRAM 


The freezing point diagram of the system, 
vanadium tetrachloride-carbon tetrachloride, was 
determined by running cooling and warming 
curves on solutions of known composition. A 
diagram of the apparatus used is shown in Fig. 3. 
Carbon tetrachloride and mercury freezing points 
were used to determine an apparatus correction. 
The thermocouple was a calibrated copper con- 
stantan couple with the cold junction in crushed 
clean ice in a small amount of distilled water. 
A Leeds and Northrup Type K potentiometer 
and type HS galvanometer arrangement was 
used to measure to e.m.f. of the couple. The 
sample was stirred continuously. Each sample 
was analyzed before and after the cooling and 
warming curves were taken. 

Samples containing 70 percent vanadium tetra- 


VC14-CCl, 


Fic. 4. Freezing 
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chloride by weight or less showed changes in 
composition of about 0.4 percent during the 
course of an experiment which lasted about five 
hours. The 80 percent sample decreased in con- 
centration by about 1.5 percent during a run. 
All samples showed marked supercooling. In all 
cases the breaks in the cooling curves occurred 
at a lower temperature than the corresponding 
breaks in the warming curves. Each point re- 
ported is an arithmetic average of two such 
temperatures. Figure 4 shows the results ob- 
tained. The accuracy claimed for each tempera- 
ture is not greater than +1°C, except for the eu- 
tectic, which is good to about +0.5°C. The 
eutectic temperature was —64.0°C; the freezing 
point of pure vanadium tetrachloride was 
—25.7°C. This latter temperature agrees well 
with the value —25.7°C given by Simons and 
Powell.'! The eutectic composition occurs at 0.37 
mole fraction, and the solidus lines reach the 
eutectic temperature at 0.17 and 0.62 mole 
fraction of vanadium tetrachloride. It was quite 
difficult to obtain cooling or warming curve 
breaks corresponding to points on the liquidus 
curve in the concentration range about 0.23 
mole fraction. 


LIGHT ABSORPTION STUDIES 


Light absorption data were obtained by means 
of a Beckman spectrophotometer. Measurements 
were made over the wave-length range from 
4000A to 12,000A, although it was realized that 
readings beyond about 10,000A are of ques- 
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tionable value.? Corex cells were used, and the 
path length was one centimeter. The cells were 
sealed shut immediately after filling to avoid 
introduction of moisture. This was particularly 
important for the dilute solutions, since a small 
amount of moisture could change the concentra- 
tion in the cell considerably from that of the 
part of the solution actually analyzed. Because 
of this effect, reliable results could not be ob- 
tained on solutions of concentrations less than 
’ about 0.01 mole per liter of solution. Some of 
the absorption curves are shown in Fig. 5. The 
behavior of these solutions with respect to 
Beer’s law was investigated in various regions of 
the spectrum. Some such curves are shown in 
Fig. 6. The character of these curves suggested 
that a polymerization reaction might be in- 
volved. To investigate this, the apparent molal 
absorption coefficient was calculated at various 
wave-lengths according to the formula 


= (1/2.3)0nlc, 


where logio(Jo/Z) is the extinction coefficient, 
bm the apparent molal absorption coefficient, 
l the path length of the light in cm, and c is the 
concentration of solution in moles/liter of solu- 
tion. Some of the results are shown in Table III. 

The data in Table III seem to indicate that 
the absorption in the region between 9000A and 
12,000A may be due largely to a monomer, and 
the strong absorption starting about 7000A and 
extending to shorter wave-lengths may be due 
to one or more polymers. Although the values of 
bm in the monomer region increase as the con- 
centration decreases, they do not approach a 
limit at zero concentration in the manner one 
would ordinarily expect. Indeed, as far as the 
values are concerned it can be shown empirically 
that 1/bm appears to be a linear function of the 
concentration for the more dilute solutions. It 
may happen, however, that limiting value of dn 
will be reached rather suddenly in the concentra- 
tion range between 6.4 10~ and zero moles per 
liter. 


HEAT OF SOLUTION 


As a side experiment in the course of this 
work, a single semi-quantitative experiment was 
performed on the heat of dilution of vanadium 
tetrachloride by carbon tetrachloride. About 1.4 


Logio Jo/I 
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© 10% VCh O24% VCh @©055% 0.11% VCh 


Fic. 5. Absorption spectrum of solutions of vanadium 
tetrachloride in carbon tetrachloride. 


moles of vanadium tetrachloride were diluted 
with about 1 mole of carbon tetrachloride; a 
thermometer immersed in the solution showed a 
temperature drop of 7°C. This corresponds to 
the absorption of about 420 calories per mole of 
vanadium tetrachloride when diluted to about 
63 percent by weight. 

It is interesting to note that this system is 
anomalous in that the density data indicate a 
negative deviation from Raoult’s law, but the 
heat of dilution result points to a positive de- 
viation. This situation is not without precedence, 
however.$ 


DISCUSSION 


Vanadium tetrachloride is a molecule having © 


one odd electron per vanadium atom; hence, on 
the basis of the formula derived from quantum 
statistics for non-interacting magnetic dipoles, 
the paramagnetic susceptibility per mole of this 
compound could be expected to be 1247X10-° 
c.g.s. unit at 25.3°C. A diamagnetic correction 
can be estimated by taking xm’ for each chlorine’ 
as —22X10-° and for vanadium” x,’ as —10 
X10-*; this gives a diamagnetic susceptibility 
for the whole molecule of —98X10-® c.g.s. unit 
per mole. Hence, the predicted susceptibility of 

8J. H. Hildebrand, Solubility (The Chemical Catalog 
ey a+ Inc., New York, 1924), p. 63. 


Ikenmeyer, Ann. Phys. (5) 1, 169 (1929). 
10 W. R. Angus, Proc. Roy. Soc. 136A, 569 (1932). 
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TaBLE III. Apparent molal absorption coefficients 
of solutions of VCl, in CCl,. 


Com A Wave-length A 


of sol. 12000 11000 10000 9000 8000 7000 6000 


6.41X10-% 262.0 308 181 45.2 8.6 
9.05X10-* 232.0 267 160 42.7 (10.4) 


2.63X10-? 142.0 252 209* 63.0* (7.5) 

4.52X107 86.4 153 59.2 55 03 0.8 
6.16X10- 69.0 105 63.8 6.2 
48.8 5.6 04 1.2 
1.98X10 25.1 5.8 04 2.2 
4.81107 5.6 66 5.2 
9.19 10 5.6 10.7 85 


* Readings on the Beckman were always started in the long wave- 
length region, and it usually happened that solutions went bad before 
all readings could be taken. It required about an hour to take a com- 
plete set of readings. 


vanadium tetrachloride is approximately 1149 
X10-* c.g.s. unit per mole, which is in good 
agreement with the average experimental value 
of 1152X10-* c.g.s. unit per mole. From this 
one may infer that the vanadium tetrachloride 
molecules act as essentially independent, non- 
interacting magnetic dipoles, or, at least if a 
polymer is formed, there is no coupling of the 
odd electrons as occurs in, say, nitrogen dioxide. 
Also, the change in mole susceptibility with con- 
centration of vanadium tetrachloride in carbon 
tetrachloride solution (Fig. 7) shows a small de- 
crease with a decrease in concentration, which is 
exactly opposite to what would be expected if 
the odd electron were involved in a polymeriza- 
tion reaction. 

Actually, if no reactions or interactions be- 
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Fic. 6. Beer’s law plot for Fig. 5. 
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tween molecules take place, the mole sus- 
ceptibility of vanadium tetrachloride should be 
independent of concentration. However, in para- 
magnetic solutions this case is rarely observed 
over a wide range of concentrations. It is in- 
teresting to note that solutions of ferric chloride" 
in water behave in very much the same way as 
the solutions studied here. However, in the water 
system the decrease in susceptibility is at- 
tributed mainly to the hydrolysis of the ferric 
ion. In the case at hand, reaction with carbon 
tetrachloride does not seem very likely. 

The freezing point diagram in Fig. 4 shows 
clear evidence of the existence of limited solid 
solution formation in this system. In the treat- 
ment of their freezing point lowering data, 
Simons and Powell! assumed pure carbon tetra- 
chloride to be solid phase. It is now clear that 
conclusions based on such a treatment are not 
valid. The experimental results of Simons and 
Powell are in agreement with the phase diagram 
in Fig. 4 in that their freezing points fall very 
close to the liquidus curve, and that the freezing 
point lowering is not as great when the observed 
solid solutions form as when pure solvent crystal- 
lizes out. Hence, the data would have the same 
general character if a polymerization were in- 
volved and pure solvent did crystallize out, as 
it has when solid solution crystallizes out. 

The heat of fusion of vanadium tetrachloride 
can be calculated approximately from the phase 
diagram by the use of the equation” 


AH,/RT?= (dN2/dT) (dN’,/dT), 


in which R is the gas constant, T the melting 
point of solvent, AH; the heat of fusion of sol- 
vent, (dN2/dT) the limiting rate of change of 
solute in liquid solution with temperature, and 
(dN2'/dT) the limiting rate of change of solute 
in solid solution with temperature. The heat of 
fusion of vanadium tetrachloride turns out to 
be about 550 cal./mole. The entropy of fusion is 
then about 2.2 entropy units per mole which is 
about right for a normal liquid. 

The phase diagram is probably in error be- 
cause the cooling and warming curves were de- 


1 E. C. Stoner, Magnetism and Matter (Methuen and 
eg ee Ltd., London, 1934), p. 326. 

Lewis and M. Randall, Thermodynamics (Mc- 

Graw-Hill Book Company, Inc., New York, 1923), p. 238. 
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termined over a rather short period, and the 
solid was annealed for only about 20 minutes. As 
a result, it can be argued that the region between 
the liquidus and solidus curves should be nar- 
rower than shown. The points on the liquidus 
curve are probably all right, but the points on 
the solidus curve may be too far over toward 
the corresponding pure components. This can 
come about because the solid solutions are 
richer in solvent than the corresponding liquid 
solutions; hence, if the solid solutions do not 
dissolve and reform as the temperature de- 
creases, the final solution that freezes will corre- 
spond to a composition closer to the eutectic 
than the original composition. This means that 
all the points should be shifted toward the eu- 
tectic composition, which causes a narrowing of 
the regions between the liquidus and solidus 
curves. As a result, the phase diagram should 
give entropy of fusion values that are too large. 
However, the entropy of fusion of carbon tetra- 
chloride given by Fig. 4 turns out to be 2.1 e.u., 
but the literature value is 2.56 e.u. Hence, it is 


more likely that the entropy of fusion found for 


vanadium tetrachloride is low rather than high, 
and that other effects were operative which over- 
balance the effect discussed above. 

In order to analyze the light absorption data 
in a conventional way, it is necessary to find ,,° 
monomer. This is obtained by extrapolating the 
apparent b, to zero concentration taken at a 
wave-length at which the principal absorber is 
monomer. As was pointed out earlier, this is not 
easy to do in the case at hand. However, reason- 
able values of },° monomier can be estimated 
without causing serious difficulties in discussing 
the data. The absorption values taken at 10000A 
and 11000A will be taken for discussion. Reason- 
able extrapolated values of b,,° monomer at these 
wave-lengths are 182 and 312, respectively. 
Now, the concentration of monomer at any 
total concentration can be obtained from 
Ci=Cm’/bm®, where C; is the concentration of 
monomer, C the total concentration from analy- 
sis, b, the apparent molal absorption coefficient, 
and 0b,,° the molal absorption coefficient of 
monomer, provided values of the b’s are taken 
in regions where only monomer absorbs light. 
For simplicity the polymerization reaction 


nA=A, was assumed. If this reaction occurs, 
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Fic. 7. Mole susceptibility of vanadium tetrachloride 
in carbon tetrachloride solutions at 25.3°. 


then it can be shown that 


log(C—C,) =n logCi+logC,K, 
C=CitnC,; K=(C,/Ci"), 


where C,, is the concentration of polymer and K 
‘the equilibrium constant for the assumed reac- 
tion. In Fig. 8 there is shown a plot of log(C— C;) 
versus log C;. The points appear to follow roughly 
a linear relation, considering all the approxima- 
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Fic. 8. Relation between the logarithm of the concen- 
tration of polymer, and the logarithm of the concentration 
of monomer at about 25°. 


T 
Tot. 
for 
me 
1' 
4 
9 
me. 
Ho 
by 
the 
is ¢ 
wit! 
not 
law 
A 
of \ 
valt 
seen 
X 1 
four 
susc 
agre 
late 
dipo 
mole 
bilit 
whic 
para 
tetra 
to n 
mak 
13 
4 R 


TaBLE IV. Variation of the mole absorption coefficient 
of ‘‘dimer”’ with total concentration. 


Conc. of 
“dimer” 


Conc. of 
“‘monomer” 


Total conc. 
formality 
(X10) 


4.52 

9.06 
19.8 
48.1 
91.9 


Log Io/J at 
6000A 


tions made and the inaccuracies involved in 
measuring the low concentrations. The dashed 
straight line has a slope of two and K=7.6. 
However, this relation does not hold as the solu- 
tions become more concentrated. This is shown 
by the data in Table IV. The value of 5,°, the 
absorption coefficient of “dimer,” was calculated 
assuming the values of 7 and K given above. It 
is clear that b,° is not constant, but increases 
with increasing concentration. Unfortunately, 
not enough data was obtained to identify clearly 
the source of the observed deviations from Beer’s 
law. 

An experimental value for the diamagnetism 
of vanadium tetrachloride is not available, but 
values calculated by the method of Angus"! 
seem to be rather reliable and the value —98 
X10-* is probably not in error by more than 
four or five percent. This makes the measured 
susceptibility of pure vanadium tetrachloride 
agree, within experimental error, with the calcu- 
lated susceptibility of noninteracting magnetic 
dipoles. Van Vleck has shown that polyatomic 
molecules should have a paramagnetic suscepti- 
bility somewhat greater than this by a term 
which he calls the high frequency constant 
paramagnetism, but it may be that the vanadium 
tetrachloride molecule is sufficiently symmetrical 
to make this term negligible.“ This situation 
makes it difficult to explain the variation of 


8 J. H. Van Vleck, Electric and Magnetic Susceptibilities 
(Oxford University Press, Oxford, 1932), p. 195. 
* Reference 13, p. 277. 
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susceptibility with concentration. It may be 
that the peculiar effects encountered in solids 
are beginning to show up. The fact that @ ap- 
pears to be a function of the temperature is some 
indication that something out of the ordinary is 
involved. 

Unfortunately, there are not enough experi- 
mental data to make it possible to give a definite 
explanation of the’ observed variation of sus- 
ceptibility. The theoretical value of Curie’s con- 
stant for J =} was assumed in order to calculate 
6. Actually, the value of Curie’s constant may 
differ from the theoretical value for pure vana- 
dium tetrachloride and it may be a function of 
concentration. It would be interesting to measure 
susceptibilities of pure vanadium tetrachloride 
and its solutions in carbon tetrachloride over a 
sufficient temperature range to determine Curie’s 
constant and @ experimentally with reasonable 
accuracy. In addition, it would be well to know 
the susceptibility of vanadium tetrachloride in 
the vapor phase so as to have a value essentially 
free from possible effects of the interactions be- 
tween molecules. 

Because the thermodynamic properties of va- 
nadium tetrachloride indicate that the liquid 
is normal, it is not likely that definite polymers 
are actually formed in the liquid phase. It may 
be that both the departure from Beer’s law and 
the variation of susceptibilities with concentra- 
tion result from the same basic cause. However, 
the light absorption and the magnetic studies 
would have to be greatly extended in order to 
establish this. 
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The Pauling-Slater theory of directed valence is applied to the trigonal bipyramid structure. 


Covalent molecules of the type AB; are considered. It is assumed that the bonding orbitals 
are of composition sp'*2"d3-2, and the bond strengths are determined as a function of n. 


LECTRON diffraction measurements have 

indicated that some molecules have the 
configuration of a trigonal bipyramid. Among 
these are! PF;, PF 3Cl2, PCl;, Fe(CO);, and MoCl;. 
It is of interest to apply the method of directed 
valence bonds as developed by Pauling’? and 
Slater* to this structure. 

Consider spd hybrid orbitals for bonds directed 
from a central atom to the corners of a regular 
trigonal bipyramid. Assume that the two axial 
bonds are equivalent and that the three other 
bonds are equivalent to each other but not, in 
general, to the axial bonds. Also assume that 
the configuration is sp'+?"d*-*" where 0<n<1. 
When it is introduced, this assumption limits 
the discussion to a set of orbitals having the 
symmetry‘ D3;,. Differences in the radial parts 
of the wave functions will be neglected and the 
angular parts hybridized to give the desired 
structure. 

The angular parts of the s, p, and d wave 
functions, normalized to 47, are given by the 
equations 


s=1, (1) 
pz=V3 sind cos¢, (2) 
py =V3 sind sing, (3) 
pb. =V3 cos?, (4) 
d,=[(5)!/2](3 cos’? —1), (5) 

dzy =((15)!/2] sin?d cos2¢, (6) 
sin’? sin2¢, (7) 
dz42= (15)! sind? cos? cos¢, (8) 


1L. Pauling, The Nature of the Chemical Bond (Cornell 
University Press, Ithaca, 1940). 

2 L. Pauling, J. Am. Chem. Soc. 53, 1367 (1931). 

3]. C. Slater, Phys. Rev. 37, 481 (1931). 

4See G. Kimball, J. Chem. Phys. 8, 188 (1940). 
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and 


dy42= (15)! sind cos? sing, (9) 


where # and ¢ are the angles used in polar 
coordinates. The axis of the bipyramid will be 
chosen as the 2 axis. 

Three equivalent bonds lying in the xy plane 
and separated by angles of 120° may be repre- 
sented by the functions! 


¥i1=((1/v3) sine Js +[(v2/v3) coss ]pz 
—[(1/v3) cosa ]d.+[(v2/v3) (10) 


¥2=[(1/v3) sina — {[1/(6)!] cosB} 
+[(1/v2) cos8]p, —((1/v3) cosa 
— {[1/(6)*] sin8}d., 
—[(1/v2) sin8 ]dz+y, (11) 


¥3=[(1/V3) sina ]s— {[1/(6)*] coss} pz 
—[(1/v2) cos6]py—[(1/v3) cosa 
— {[1/(6)!] sin8} dz 
+[(1/v2) (12) 


If it is assumed that the maxima of the p and 
d functions for the axial bonds lie on the 2 axis, 
the axial bonds may be represented by the 


28 
26 


Fic. 1. Trigonal bipyramidal orbitais. The solid line 
represents Si, the strength of an equatorial bond. The 
dotted line represents 5S;, the strength of an axial bond. 
Each of these is plotted against m where the arrangement 
is spitings-2n, 
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BOND ORBITALS 


TABLE I. Results* of calculations on trigonal bipyramidal 
orbitals of type sp't?"d3-2", 


Si, Ss, 
strength of strength 
equatorial of axial 

bond bond 
2.937 
2.932 
2.930 
2.928 
2.929 
2.930 
2.935 


n cosp 


1.0000 1.0000 
0.9000 0.9487 
0.8000 0.8944 
0.4444 0.6667 
0.2000 0.4472 
0.1000 0.3162 
0.0000 0.0000 


cosa 


0.5424 
0.5574 
0.5615 
0.5659 
0.5637 
0.5607 
0.5485 


2.249 
2.681 
2.812 
2.963 
2.887 
2.787 
2.418 


a These bond strengths may be compared with the following reported 
by Pauling (see reference 1). The best bond orbital obtainable from 
s—p—d hybridization has a strength of 3.000. The best two equivalent 
orbitals, oppositely directed, obtainable on s —p —d hybridization have 
a strength of 2.96. 


functions® 


¥4=L[(1/V2) cosy ]s+(1/v2)p. 
+[(siny cosé)/v2 ]d, 
+L(siny sind)/V2 |dzy, 


¥s=[(1/V2) cosy ]s—(1/V2)p. 
+[(siny cosé)/v2 ]d. 
+[(siny sind)/v2]d.,. (14) 


The parameters in Eqs. (10), (11), (12), (13), 
and (14) are subject to conditions imposed by 
the orthogonality of the axial bond functions to 
the other bond functions. Thus if siné0, 
sing=0. Also sina cosy =cosa siny cosé. The as- 
sumption that the configuration is sp!t?"q3-2n 
gives the relation sin’a+cos*y=1. This gives 
the relations 

(15) 


cosd=1. (16) 


Four orbitals orthogonal to 2, v3, and 
vs with cosé=1 can be set up as follows: 


¥6=[(v2/v3) sinB ]p.—[(v2/v3) 
(1/V3)de+2, 


(13) 


a=7; 


(17) 


‘See R. Hultgren, Phys. Rev. 40, 891 (1932). 


v7= — {[1/(6)*] sin8}p.+[(1/v2) sin8 ]p, 
+ {[1/(6)*] cos@}dzy 
+L[(1/v2) 
¥s= — {[1/(6)!] sing} p.—[(1/v2) sin8 ]p, 
+ {[1/(6)!] cosB} dry 
—[(1/v2) 


vs =dy42 
The relation between m and 8 is 


(18) 


(19) 
(20) 


(21) 


Consider molecules or ions of the type AB; 
and assume that the energy of the A —B bond is 
proportional to the product of the squares of the 
strengths of the orbitals of the two atoms.* The 
strength of an equatorial bond equals 5S,, the 
value of when g=0. The strength 
of an axial bond equals S4, the value of 4, when 
0=0. The covalent bond energy of the molecule 
is then proportional to 3S$;°+2S,?. The results 
of maximizing this function for various values of 
cos are given in Table | and Fig. 1. . 

If ~ can change without changing the elec- 
tronic energy of the central atom, 7 will equal 
4/9 for the most stable structure and the strength 
of an axial bond will equal 2.928, the strength 
of an equatorial bond 2.963. In general, however, 
a change in m will change the electronic energy 
of the central atom. For example, in PCl;, 2 
would presumably not differ much from 1. When 
n equals 1, the strength of an axial bond equals 
2.937, and the strength of an equatorial bond 
equals 2.249. 


cos*B =n. 


®See H. Kuhn, J. Chem. Phys. 16, 727 (1948). The 
results obtained are not very sensitive to the form of 
assumption made at this point. For instance, if we assumed 
that the energy of the A —B bond is proportional to the 
product of the strengths of the orbitals of the two atoms, 
the calculated bond strengths would not differ by more 
than 0.5 percent from the values reported here. 
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Concerning the Work of Polarization In Ionic Crystals of the NaCl Type. 


I. Polarization around a Singl 


e Charge in the Rigid Lattice* 


E. S. Ritrner, R. A. HuTNER, AND F. K. pu Prt 
Philips Laboratories, Inc., Irvington-on-Hudson, New York 


(Received September 1, 1948) 


Previous work is reviewed, and the Mott-Littleton method of treating the rigid lattice case 
is extended with some modification to higher order approximations. Numerical results are 
given for their hypothetical monatomic crystal and for NaCl. 


UANTITATIVE calculations of the polar- 

ization work which occurs in ionic crystals 
on removing one or more charges are of great 
importance in theories of electrolytic conduc- 
tivity,'-* absorption spectra,*® color centers,*® 
and electron emission.*7 The cases which have 
been previously considered are (a) the removal 
of a single charge, treated by Jost,! Jost, and 
Nehlep,! and Mott and Littleton ;* and (b) the 
removal of two adjacent charges, treated by 
Klemm® and Born.* It is the purpose of the 
present series of papers to review and to.extend 
this work. 


FORMULATION OF THE PROBLEM FOR REMOVAL 
OF A SINGLE CHARGE 


If a charge —e disappears at a lattice point, 
an effective charge +e will tend to polarize the 
surrounding medium. It is known from Maxwell’s 
equations that when a charge is placed in a 
dielectric medium, the electrostatic energy, 


U= sn) f ff (1) 
is changed by an amount 
W= zee, (2) 


* This work was carried out with the partial support of 
the aa Materiel Command, under Contract W33-038 
ac-15141. 

1W. Jost, J. Chem. Phys. 1, 466 (1933); W. Jost and G. 
Nehlep, Zeits. f. physik. Chemie B32, 1 (1936). 

2 W. Schottky, Zeits. f. physik. Chemie B29, 335 (1935). 

3N. F. Mott and M. J. Littleton, Trans. Faraday Soc. 
34, 485 (1938); N. F. Mott and R. W. Gurney, Electronic 
Processes in Ionic Crystals (Oxford University Press, New 
York, 1940), Ch. II. 

4 See reference 3, Chapters III and IV. 

5 W. Klemm, Zeits. f. Physik 82, 529 (1933). 

6 F, Seitz, Rev. Mod. Phys. 18, 384 (1946). 

7D. A. Wright, Proc. Phys. Soc. 60, 13 (1948). 

8J. H. de Boer, Electron Emission and Adsorption 
Phenomena (Cambridge University Press, Teddington, 
1935), p. 241. 


where ¢ is the potential field at the charge e (to 
be taken as origin) due to the polarized medium 
and W is the polarization work. If the medium 
is considered to consist of discrete ions, each 
with a polarizability a and a distance r from the 
origin, 

(3) 

23 #2 
Here F; is the component directed along 7; of the 
total electric field on the ith ion due to the polar- 
izing charge and to the dipoles on all other ions,** 
and y; is the corresponding dipole moment. Only 
this radial component of yu; contributes to 9¢; 
and W. 
é T; 
r? 7 
where g; is the potential field of the jth ion 
dipole on the ith ion, and the prime denotes the 
omission of the origin and the case 7=/. 
1 

Finally, 


rid 


This is an exact formulation of the problem. 
However, Eqs. (3) and (4) lead to an infinite set 
of equations with an infinite number of un- 
knowns, and attempts to obtain exact solutions 

** The polarization work is sometimes calculated from 
the expression: 

W =1/22a;F;. 
This expression disagrees with Eq. (3) except for the 
special case: F;=e/r;?, which corresponds to neglecting 
dipole-dipole interaction. 
198 


TABLE I. System of four, seven, and ten simultaneous equations. 


4 eR 


(4) 


oblem. 
lite set 
of un- 
lutions 


red from 


for the 
eglecting 


n 
3 
> 
a 
3 
2 
= 
a 


0.15349 0.043242 mio 


6.068323 ms— 


0.12157 mo+ 


0.017680 ms+ 


0.17898 mio 


0.47658 


0.62092 ms+ 


0.030186 mio 


0.85640 mo— 


0.98202 ms— 
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0.035975 mio 


0.88219 ms+ 


1.1560 ms— 


0.57982 mio 


0.88866 ma— 


ms+ 


1.3701 


1.0183 mu 


1.2733 


2.8977 ms+ 


0.31057 me+ 0.085827 m7 | + 


0.22901 ms+ 


0.45988 0.34349 m7z| + 


0.20265 ms+ 


0.24095 me+ 0.28823 mz} — 


2.6894 ms— 


-f- 


0.57186 = mz | — 


1.8908 me-+- 


4.7253 ms+ 


0.80873 + 


m3s+ 


2.2874 (5-+2.70745 ) m+ 2,298 


0.50000 = 


m 


0.81341 


3.4499 m+( 5; +0.70008) ms+ 


0.33333 = 0.96593 mi+ 


1.6175 met —*1,0845 ) mi | + 


—1.4966 


0.25000 = 


0.44497 mz} + 


3.2005 


+2.2211 ) ms+ 


L 
Bi 


1.1813 me +( 


0.10132 0.89647 ms+ 


—0.057252 mi— 


0.20000 = 


0.92089 mz + 


3.2005 ) 


0.080318 ms+ 0.54486 my + 


0.077641 mi+ 0.22994 


0.16667 = 


+0.33843 ) mr | + 


4 
Bo 


1.8418 mo+( 


+ 0.88994 ms+ 


0.28593 ma 


0.34349 =m2+ 0.19215 ms+ 


—0.042914 mi— 


0.12500 = 


1.9870 mo 


2.6558 mo+ 


0.92606 m: +(5-+1.2606) 


1.1299 me+ 


0.90353 ms+ 


0.82244 + 


0.010541 ms— 


0.071296 


—0.030800 mi+ 


0.11111= 


2.0749 met (3-+1.2957 ) 8600 


m + 


0.63665 


0.88717 me+ 


0.88219 


0.13653 ma — 


0.15886 


0.060785 ma+ 


—0.040085 mi+ 


0.10000 = 


2.4500 (5-+0.67456 ) on 


m + 1.5982 ms+ 


0.52108 


0.059660 ms— 0.0075464 ms + —(0,060325 ms— 0.58065. me+- 


0.030485 m2+ 


—0.010810 mi+ 


0.09091 = 


have been unsuccessful. All solutions heretofore 
obtained represent approximations of various 
orders. 


APPROXIMATE SOLUTIONS FOR THE 
RIGID LATTICE 


One of the simplest approximations that can 
be made is to neglect the dipole-dipole inter- 
action, as has been done by Landshoff in a paper 
dealing mainly with another problem.® This leads 
to 

(5) 


where the summation is of the type evaluated 
by Jones and Ingham.'® The polarization work 
calculated in this manner is certainly too high. 

The method of Jost! (applied to a rigid lattice) 
is to consider the hole produced by the removal 
of an ion from the crystal as a spherical cavity 
of radius R in a continuous medium of optical 
dielectric constant xo. The polarization’ work is 
then given by 


W =e?(1—1/xo)/2R. (6) 


This method includes the dipole-dipole inter- 
actions by way of the dielectric constant concept, 
avoids the structure sensitive lattice summa- 
tions, and has the advantage of extreme sim- 
plicity. The great disadvantage, however, is the 
uncertainty in the value to be chosen for R. 

Jost and Nehlep! have improved somewhat 
this earlier work by considering the first shell of 
six ions surrounding the origin in the manner of 
Eq. (5), and the rest of the crystal in the manner 
of Eq. (6). : 

The most nearly exact solution of the problem 
yet presented is that of Mott and Littleton,* 
which represents a series of approximations of 
varying order up to the fourth. In their zero- 
order approximation, in order to include dipole- 
dipole interactions, the concept of a dielectric 
constant is employed in calculating the dipole 
moment on each of the ions, but the crystal is 
not treated as a continuum. Instead, the total 
polarization is considered as constituted of an 
array of induced point dipoles at lattice sites. 


(7) 
®R. Landshoff, Phys. Rev. 55, 631 (1939). 


10 J. E. Jones and A. E. Ingham, Proc. Roy. Soc. London 
(A) 107, 636 (1925). 


dium 
dium 
each 
n the 
(3) 
polar- 
yns,** 
Only $ 
to gi & 
|_| 
| 
th ion | 
es the 
: | 
4 
ds | 
4 


P=polarization, 
a=interionic distance, 
2a’ =volume/ion pair, 


which leads to 


(8) 


where: 


2a; 
a2 


with similar expressions for wz and Me. It has 
been tacitly assumed in the derivation of Eq. (8) 
that the field F; at any point is independent of 
the type of ion at 7. 

The potential at the origin due to all the 
induced dipoles is 


g= M: =): (9) 


1 2 


the indicated summations are again those evalu- 
ated by Jones and Ingham.'® It will be noted 
that the polarization work, $eg¢, is identical with 
Eq. (5) if a; is replaced by M,a*. The zero-order 
approximation, Eq. (9), avoids the uncertainty 
in R inherent in the Jost treatment, but it 
cannot be stated at this stage that it necessarily 
yields more exact answers than the latter. 

In their higher order approximations, Mott 
and Littleton consider the first few shells sur- 
rounding the origin in a more nearly exact way 
while continuing. to consider the rest of the 
medium in the manner of the zero-order approxi- 
mation. In their first-order approximation, for 
example, the first shell of six ions is considered 
in detail. The dipole moment, y:, on each of 
these ions is determined as the resultant of 
three electric fields: 

(a) the field resulting from the polarizing charge, 

(b) the dipole field of the other five ions in the first shell, 


(c) the field resulting from the dipoles on all the ions 
outside the first shell, the moments of which are 


given by Eq. (8). 


In their second-, third-, and fourth-order 
approximations, Mott and Littleton repeat this 
process for the first two, first three, and first 
four shells of ions, respectively. On comparing 
the final numerical results for the potential field, 
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_ Taste II. Values of u and yr? in the hypothetical 
monatomic crystal.* 


Number of equations solved 


1(M—-L) 4(M-—L) 4 7 10 

M1 0.850 0.916 0.932 0.914 0.921 
Be 0.236 0.220 0.235 0.229 
M3 0.138 0.170 0.136 0.138 
is 0.314 0.406 0.305 0.331 
Ms 0.128 0.126 
Me 0.097 0.087 
Mr 0.119 0.072 
Ms 0.090 
Mg 0.067 
M10 0.072 
mir? 6.73 7.25 7.37 7.23 7.29 
bof 2” 3.74 3.48 3.72 3.62 
Mars? 3.28 4.04 3.23 3.28 
par? 9.93 12.9 9.66 10.4 
5.05 4.97 
Me 62 4.60 4.14 
7.54 4.58 
6.44 
Mors” 5.30 
Mio? 10" 6.30 


pr? = Ma%e =5.02 


* The units of « are such that W is in electron volts in the equation 
W =(e/2)(u/r?) when e has the value 3.7815 and r is in A units. 


they find that, except for a slight oscillation, all 
the values derived from approximations of higher 
order than the zero are about constant. This 
leads them to the conclusion that the first-order 
approximation is a satisfactory one. 

It is interesting to compare the values of the 
dipole moments on all of the ions in the first 


TABLE III. Values of » and ur? for ten shells in NaCl.* 


Removal of positive ion Removal of negative ion 


M1 1.09 0.059 
Me 0.015 0.501 
Ms 0.246 0.011 
Ms 0.021 0.216 
Ms 0.194 0.010 
Ms 0.005 0.147 
0.003 0.136 
Ms 0. 100 0.005 
Mg 0.005 0.093 
M0 0.099 0.004 


mar? 8.59 0.46 
Mot 2 0.24 7 93 
Mats? 5.83 0.25 
pare 0.67 6.83 
Mots? 7.66 0.38 
more? 0.25 6.97 
wire? 0.20 8.62 
Mats” 7.12 0.38 
bors? 0.42 7.32 
ie? 8.61 0.37 


war? =0.36; =M-a%e =7.29 
* The units of » are such that W is in electron volts in the equation 
W =(e/2)(u/r?), when e has the value 3.7815 and r is in A units. 
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TABLE IV. Constants for use in Eq. (10). 


n, 
Order of approx. Bn hn 


10.1977 6.3346 
4.1977 6.3346 
4.1977 3.3346 
3.3088 3.3346 
3.3088 2.9596 
2.3488 2.9596 
2.3488 2.2929 
2.3488 2.1054 
1.9784 2.1054 


TaBLE V. Values of ¢ in the monatomic crystal for various 
orders of approximation.* 


gitecJ) gate(M—L) 


2.016 25.13 16.53 
0.835 19.12 19.24 
0.641 18.86 18.40 18.15 
0.540 18.18 18.09 18.03 
0.476 18.16 18.50 18.5 
0.430 18.54 18.49 

0.382 18.49 18.37 

0.346 18.21 18.35 

0.327 18.45 18.46 


(M 


16.53 
18.57 


go =0.08023 


* The units of ¢ are such that W is in electron volts in the equation 
W =}eg, when e =3.7815. 


four shells calculated in this more exact way 
with the corresponding y’s obtained from the 
zero-order treatment. Actually, it is more con- 
venient to compare the values of ur? as, for the 
zero-order case, this quantity is a constant equal 
to M,a*e. The ww? values, which are not listed 
in reference (3), are contained in the second 
column of Table II below for a hypothetical 
crystal with a; =a, and a=2.813A. It will 
be seen that the deviations from the zero-order 
ur’ value, given at the bottom of the table, are 
quite pronounced even beyond the first shell. 
These deviations arise essentially from the 
irregular change of the nurhber of ions in each 
shell with distance from the origin, i.e., from the 
necessity of treating in spherical coordinates a 
problem where the symmetry is better described 
by Cartesian coordinates. The yr? zero-order value 


_ Tepresents an average of these fluctuating values 


Over a very large number of shells. Hence, the 
justification for considering the first-order ap- 
proximation as a satisfactory solution resides 
solely in the numerical constancy obtained in the 
final potential field results. 


Moreover, it will be noted that the value of 4° 
obtained from the first-order approximation 
(Table II, column 1) is seven percent lower than 
the more accurate value of y; obtained from the 
fourth-order approximation. This can probably 
be accounted for by the fact that the nearest 
neighbors contribute most heavily to field (c) 
and that the exact we: and yu; values are appreci- 
ably lower than the corresponding zero-order 
values actually used in determining this field, 
which is depolarizing in the present case. In view 
of the disparity in the values of 4: obtained in 
these two ways for the monatomic crystal con- 
sidered, and in view of the large contribution of 
#41 to the potential field, the excellent agreement 
between the first-(¢/g9=18.57) and _ fourth- 
(y/go=18.5) order approximations of Mott- 
Littleton* is quite surprising. 

In order to gain more insight into the problem, 
we have carried out higher order approximations 
in the spirit of the Mott-Littleton method with 
an important exception. The evaluation by their 
method of the field corresponding to field (c) is 
subject to the objection raised in the previous 
paragraph and also requires performing tedious 
lattice sums. We have avoided these difficulties 
by solving Eq. (4) for a convenient number of 
shells, neglecting the remainder of the crystal in 
this part of the problem. Consequently, the 
values of yu for the last few shells will be in error, 
and they have been discarded in calculating the 
potential field, >>; ¢;. To obtain the latter, these 
last few shells and the remainder of the crystal 
were treated in the manner of the Mott-Littleton 
zero-order approximation and also, for compari- 
son, in the manner of the Jost approach. The 
disadvantage of the latter method, namely, the 
uncertainty in R, becomes less important as R 
increases because the percentage uncertainty in 
R decreases and the total contribution of that 
portion of the crystal considered in this way also 
decreases. 

In the present work a system of ten equations 
for m;=y;/ea was derived from Eq. (4). (See 
Table I for equations and the Appendix for the 
method of deriving the numerical coefficients.) 

These ten equations were applied to the 
hypothetical monatomic crystal (a1=a2, xo=4, 
a=2.813A) and to NaCl (a1/a2=20.3, =2.33, 
a=2.813A) for the removal of both a positive 


10 0 — 
0.921 6.0000 
0.229 6.0000 
0.138 2.6667 
0:31 1.5000 
0.126 4.8000 
0.087 4.0000 
0.072 1.5000 
0.090 3.3333 
0.067 
0.072 
|) 
3.62 
3,28 
10.4 
0 0.0 
644 1 0.699 
330 2 0.872 
530 3 0.919 
4 0.981 
5 1.057 

6 1.101 
quation 7 1.115 
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and a negative ion. In addition, the sets of four 
and seven equations outlined in Table I by 
solid lines were also examined in the case of 
the monatomic crystal to gain information as to 
the uncertainty in the y’s on the ions in the last 
few shells. Solutions were kindly obtained for us 
by the R.C.A. Laboratories with the use of 
their recently developed ‘Electronic Simultane- 
ous Equation Solver.’’" Final results for » and 
ur? are shown in Tables II and III. 

It will be noted that, as before, appreciable 
variations in the yur? values from the zero-order 
value still obtain at the larger distances. Also, 
comparing the third and fourth columns of 
Table II with the last column, it appears that 
the last two values of » obtained from a set of 
equations are sufficiently in error to warrant 
their discard. 

The total potential at the origin is the sum of 
the contributions of the shells treated ‘‘exactly,”’ 
ga, and of the rest of the crystal, g,. A general 
expression for the potential field at the origin 
due to all the induced dipoles for the mth order 
approximation is 


where, in the spirit of the method of Mott- 
Littleton, 


gen(M—L) =e(gnMith,M2)/a. 


M, refers to the same type of ion as that in the 
first shell and M, to the type of ion in the second 
shell. Values of the constants, f, g, and h, for 
various orders of approximation up to and 
including »=8, are given in Table IV. In the 
Jost approach 


Pen(J) 


We have taken for R, the distance from the 
origin to a point halfway between the center of 
the last shell treated as discrete, and the center 
of the first shell in the continuum. 

The values of gg and ¢, obtained for various 
orders of approximation, using only the y’s on 
the ions in the first eight shells obtained from 
the solution of all ten equations, are shown in 
Table V for the monatomic crystal, and in 


1 E. A. Goldberg and G. W. Brown, J. App. Phys. 19, 
339 (1948). 


Tables VI and VII for removing a positive ion 
and negative ion from NaCl, respectively. Values 
of ¢/¢go are included to permit comparison with 
the Mott-Littleton results. (gp =e(1—1/ko)/47a.) 
Finally, in Table VIII are shown the values of 
the polarization work in NaCl calculated by 
the various methods discussed. 

It will be seen that rapid convergence of the 
quantity gat+¢-(M—L) occurs in all cases for 
approximations of higher order than the third. 
The convergence in ga+¢-(J/) is less satisfactory, 
but the eighth-order approximations, where eg, 
is roughly 75 percent of the total polarization 
work, yield closely similar results by both 
methods. 

Tables V, VI, and VII also show that the 
polarization work calculated by a first-order 
approximation, using a very nearly exact value 
of wi, is in error by several percent (compare 
gate(M—L)/go for n=1 and n=8). The 
original Mott-Littleton first-order approxima- 
tion, which employs approximate values of 4, 
yields excellent results (see Table VIII) because 
in the cases considered the errors in the y’s 


TABLE VI. Values of g in NaCl for removing a positive ion.* 


gitec(J) gatee(M —L) 


n gu e(J) —L) 

0 0.0 1.535 1.223 25.13 20.03 20.03 
1 0.823 0.636 0.525 23.88 22.07 21.88 
2 0.834 0.488 0.508 21.65 21.97 21.83 
3 0.917 0.411 0.404 21.75 21.63 21.62 
4 0.921 0.362 0.402 21.01 21.66 21.69 
5 1.038 0.328 0.290 22.37 21.76 

6 1.041 0.291 0.287 21.81 21.74 

7 1.042 0.263 0.285 21.37 21.73 

8 1.085 0.249 0.242 21.83 21.72 

=0.06106 


TABLE VII. Values of ¢ in NaCl for removing a 
negative ion.* 


ga ga +ee(M —L) 


n ¢a ge(M—L) yo 

0 0.0 1.535 0.796 20.89 13.03 

1 0.044 0.636 0.761 11.14 13.20 13.21 
2 0.424 0488 0.412 14.94 13.70 

3 0.428 0.411 0.407 13.74 13.67 

4 0.469 0.362 0.363 13.61 13.63 

5 0.475 0.328 0.358 13.14 13.63 

6 0.549 0.291 0.280 13.75 13.58 

7 0.575 0.263 0.259 13.72 13.64 

8 0.577 0.249 0.256 13.53 13.65 


¢o =0.06106 


* The units of g are such that W is in electron volts in the equation 
W =}eg, when e =3.7815. é 
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TaBLe VIII. Polarization work in NaCl calculated by various methods, ev. 


M-L 
0 order 


2.31 
1.50 


3.81 


No dip.-dip. 
Removal of Eq. (5) 


Nat 3.73 
2.43 


6.16 


M-L_ 4e[yatee(J)] 
4th order n=8 n=8 


2.50 


-L 
ist order 


2.53 
1.53 


4.06 _ 


Jost- 
Nehlep 
3.20 
1.66 


4.86 


Jost 
R=a/2 
2.90 
2.90 


5.80 


2.51 
1.57 


4.08 


2.52 
1.56 


Sum 4.08 


happen to compensate those in W. It is not 
certain that in other cases these errors will be 
mutually compensatory. To be completely cer- 
tain of accurate results, higher order approxi- 
mations should be carried out; this can be readily 
accomplished for other crystals of the NaCl type 
by the use of Table | and Eq. (10). 
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APPENDIX 


Equation (4) can be written in the form 


1 


and 
|r’ | (vi — ys)? + (2s 


The summation over all the j ions in the 
crystal can be rewritten so as to bring out 
explicitly the summation over each shell indi- 
vidually, and leads to the following equation: 


é 
Aw-—)], 
r 2 k=1 \ all ions in ‘5 


kth shell 


where the index & refers to the number of the 


shell, }> represents the summation over all shells, 

and the >°’ within the parentheses is the sum 

over all the ions in the kth shell. 


Using the simplifying notation, 
= pe, 

it can be shown that 


kth shell ia 


biz, 


a? kth shell 
where 


1 


Thus, 
& 


r2 kth shell 
afea 
Dm dul. 
a*Lp; kth shell 


In the notation of Mott-Littleton, 


wi=eam; and 


Then, 


biu—me 


ist shell 


bis 


2nd shell 


3rd shell 


1 
mi=6|——m, 
Pi 


and 


1 1 
—=(—+ 


pi By 1st shell 


bus 


2nd shell 


+ 


3rd shell 


1 1 
—= dbamt+({—+ baa ms 
2nd shell 


1st shell Bo 


+ ete. 


3rd shell 
These are the equations used to derive Table I 
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Concerning the Work of Polarization in Ionic Crystals of the NaCl Type. 
II. Polarization around Two Adjacent Charges in the Rigid Lattice* 


FEBRUARY, 1949 
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Philips Laboratories, Inc., Irvington-on-Hudson, New York 


(Received September 1, 1948) 


The method of the Mott-Littleton first-order approximation for the polarization work is 


extended to the case of the removal of two adjacent charges from a rigid lattice of the NaCl 


type. Numerical results are given for NaCl and RbCl. 


N the first paper! (Part I) of this series 

previous calculations of the polarization work 
resulting from the removal of a single charge 
from an ionic crystal were reviewed, and still 
higher order approximations were carried out. 
It is the purpose of the present paper similarly 
to review and to extend previous work for the 
case of the removal of two adjacent charges. 


A. KLEMM-BORN APPROXIMATION 


The only? treatment of this problem that has 
been heretofore presented appears to be that of 
Klemm? and Born.‘ By neglecting dipole-dipole 
interaction, Klemm derived the following expres- 
sion for the polarization work: 

W'= Ce?(ai+ a2) (1) 

The constant C is a lattice sum evaluated as 
1.8 by Klemm using only a few terms, and 
improved by Born, Jansen, and Mangelsdorf,** 
who obtained C=2.027. The approximation 
leading to Eq. (1) is equivalent to that used in 
deriving Eq. (5) of Part I, and again gives rise 
to numerically high results. 

JOST*-LIKE APPROXIMATION 


We have made several attempts to solve the 
problem by applying the Jost idea of scooping 


* This work was carried out with the partial support of 
the Fad Materiel Command, under Contract W33-038 
ac-15141. 

1E. S. Rittner, R. A. Hutner, and F. K. du Pré, J. 
Chem. Phys. 16, 197 (1948). 

2R. Landshoff (Phys. Rev. 55, 631 (1939)) has con- 
sidered the more general problem in which an electron is 
transferred from one ion to an adjacent neighbor, but is 
then strongly drawn back towards the original ion because 
of polarization forces. Klemm has treated the same 

roblem, but divided it into two parts, the first of which 
is that discussed above. 

3W. Klemm, Zeits. f. Physik 82, 529 (1933). 

4J. H. de Boer, Electron Emission and Adsorption 


Phenomena (Cambridge University Press, Teddington, 
1935), p. 241. 
5 W. Jost, J. Chem. Phys. 1, 466 (1933). 
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out an appropriate cavity in a continuous di- 
electric medium. However, the polarization work 
was found to be so highly sensitive to the shape, 
as well as to the size of the cavity about the 
two adjacent charges that this approach was 
discarded. 


C. MOTT-LITTLETON*-LIKE ZERO 
ORDER APPROXIMATION 


On the other hand, the method of the Mott- 
Littleton zero-order approximation can be readily 
applied to the problem. As pointed out in Part I, 
this method uses the dielectric concept to deter- 
mine the dipole moment, yu, on each ion, but in 
the final calculation of the polarization work 
treats the crystal as an array of induced point 
dipoles at lattice sites rather than asa continuum. 

In Fig. 1, the circled points J and 2 indicate 
the adjacent charges which are to be removed. 
The final dipole moment, y;, induced on the ith 
ion is the resultant of ;, due to the fields of the 
effective negative polarizing charge at J and of 
all the other dipoles induced by J, and y2;, due 
to the corresponding fields created by 2. These 
components have been treated separately in 
finding their contributions to the total potential 
fields ®; and #, back at positions J and 2, 
respectively. 

The equation for the total work of polarization 
is 
W’ = }(—e) (2) 


where 
{ (urs) / (112) — (wei cosy;)/ (ri2)}, (3) 
+ (uri cosyi)/(r2?)}. (4) 


®N. F. Mott and M. J. Littleton, Trans. Faraday Soc. 
34, 485 (1938). 
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POLARIZATION 


- + 
Fic. 1. Dipole moments induced on ith ion by the adjacent 


polarizing charges, J and 2. 


The prime indicates the omission of points 1 
and 2 in the sums. 


In accordance with the Mott-Littleton idea, 


Eq. (8) of Part I is used to determine the dipole 
moments, v7z., 
ia°e/ ne; (5) 


in the directions shown in Fig. 1. 
By substituting Eqs. (3)-(5) in (2), the 
polarization work becomes 


W'= 
odd 


— (2 My 


even 


+1/re4— (2 (6) 


where M_ refers to the negative (odd) ions, and 
M,. to the positive (even) ions, and where it is 
seen from Fig. 1 that 


cosys = (71? +72 (7) 


Note that if 


(8) 
then 


and when (?+m?+-n?) is even, [(J—1)?+-m?+n?] 
is odd. Since (1/r14+1/ro4¢—2 cosy:/ri2r22) is 
symmetric in 71; and 72;, the sum over odd values 
is equal to the sum over even values. 


IN IONIC CRYSTALS. 


Il. 


Thus Eq. (6) becomes 


1 
Mya!) 
a 


even 


+1/res4— (2 


where the quantity to be summed is a constant 

corresponding to 2C in Eq. (1). A comparison 

of Eqs. (1) and (9) shows that they become 

identical if a, is replaced by M_a* and a, by 

M,,a*. (See also discussion of Eq. (9), Part I.) 
Let 


(9) 


P+m?+n? =p; (10) 
then 


(l—1)?+ m?+n? = p—21+1, 


and 


even 


mn 
(even 


— (11) 


The constant C was first checked by direct 
summation, but the rate of convergence was 
found to be so slow** (see Table 1) that it 
became necessary to resort to the expedient of 
adding and subtracting a convenient expression 
to Eq. (11) to make the series converge more 
rapidly. 


2C=(2C—A)+A, 


TABLE I. Values of summation constant C vs. number of 
shells summed. 


No. of shells C(p =odd) C(p =even) 

1 1.367 1.464 
2 1.613 1.781 
3 1.905 1.909 
5 1.952 

10 1.996 

15 2.008 

20 2.011 


** While the manuscript was in preparation, an article 
by S. J. Dienes appeared in J. Chem. Phys. 16, 620 (1948), 
in which a calculation was made of the difference in 
polarization energy between two configurations, one of 
which is that considered here. Dienes has apparently 
included only two rings in the summation and has neglected 
most of the dipole-dipole interactions. However, since the 
errors so introduced are mutually compensatory and since 
he is dealing with differences, it is possible that his final 
results may not be seriously in error. 
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where A was taken as 


(12) 


(even p) 


(See Appendix I for the choice of this function 
and the evaluation of A as 7.55272.) Thus C 
was obtained from the expression 


2C=L {1/p?—2/p? -—3/p*—4/p5 


(even p) 


+1/(p—21+-1)? 
— 21+ 1) 


+7.55272. (13) 


The summation over 17 rings yielded the 
value C=2.0285, in good agreement with that 
cited in Section A. 

Returning now to Eq. (9), note that 


M_+M,) =————-—[{ 1--— 
-) 


=(1—1/ko)/2m. (14) 


Hence, the polarization work for the Mott- 
Littleton-like zero-order approximation can fi- 
nally be expressed in the form 


=0.3228e2(1 —1/xo)/a. (15) 


D. MOTT-LITTLETON-LIKE FIRST-ORDER 
APPROXIMATION 


This approximation improves on that of the 
previous section by considering in a more nearly 
exact way the dipole moment on each of the ten 
ions immediately adjacent to points J and 2, 
while continuing to treat the rest of the crystal 
in the zero-order manner. 

An enlarged picture of points / and 2, and six 
of the ten surrounding nearest ions, is given in 
Fig. 2. Among these ten ions there are four 
different values of » arising from the two types 
of ions and their positions relative to 1 and 2; 
there is one ion corresponding to the charge and 
position a+, four ions to b+, four to b—, and 
one toa—. 

The electric fields which determine each of 
these four dipole moments arise from the polar- 
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Fig. 2. Enlargement of Fig. 1, showing the dipole moments 
induced on the ten ions nearest to points J and 2. 


izing charges J and 2, the dipoles on the other 
nine ions, and the dipoles (given by Eq. (5)) on 
all the remaining ions of the crystal. The de- 
tailed consideration (see Appendix II) of these 
fields leads to the two sets of four simultaneous 
linear equations with four unknowns shown in 
Table II. As in Part I, the Mott-Littleton 
notation n;=eam; and B;=a;/a' is used, and the 
simultaneous equations are given in terms of m;. 
Solutions of these equations yield the dipole 
moments on the ten nearest ions. 

It can be seen from Fig. 2 that the potential 
fields at points / and 2 are related to these 
dipole moments by the following expressions: 


(w10+) /((2a)*) — 
+ (2a) — (4254 cos45°) / (2a?) 
+ /(a*) — cos45°) / (a?) 
+ /(a”) — (u2a—)/(a*) + 


where ¢1 tat represents the contribution of the 
rest of the lattice beyond the set of ten nearest 
neighbors to the potential field at point J, and 


= (uray) /(a*) — + (44104 cos45°) /(a*) 
— /(a*) + cos45°) /(2a?) 

— + /((2a)*) 
— (w2a—)/((2a)*) + 


where ¢> tat is the contribution corresponding to 
¢1 tat to the potential at 2. 

When Eqs. (16) and (17) are substituted in 
Eq. (2), the term }e(¢1 ¢2 appears; this 
can be expressed as (see Appendix IIT) 


0.1053e?(1 —1/xo) /a. 
The polarization work for the Mott-Littleton- 
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(17) 
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TABLE II. Two sets of four simultaneous linear equations. 


0.25000 — 1.20752 M_—0.82491 M,= 
+ 


Mia++ 


0.50000 —0.73014 M_—1.00211 M,=0.25000 
+ 


1.00000 —0.38810 M_—1.23040 M,=0.10733 


1.00000 — 0.38810 M_—1.61778 M,=0.074074 mia4+ 


Mib++ 0.42933 my_+0.074074 


1.41588 my-+0.16444 


1.41588 +1.31066) mip—t+0.53033 mie 


1.00000 — 1.61778 M_—0.38810 M, = 


Mea+ + 


1.00000 — 1.23040 M_—0.38810 M, =0.53033 
+ 


0.25000 — 1.00211 M_—0.73014 M,=0.16444 m2a,+ 


0.25000 —0.82491 M_—1.20752 M,=0.074074 


2.12132 0.65775 m2—+0.074074 moo_ 


1.41588 


1.41588 mar +1.07138) — 


like first-order approximation finally becomes 


0.1053e? 1 
a Ko 


+—[0.37500 (204+ — — 
a2 


— 0.41422 


We have evaluated the polarization work for 
NaCl and RbCl, using the following constants: 


(a) NaCl: a_/a,=20.3, a=2.813A; 
(b) RbCl: a_/a,= 2.6, xo=2.18, a=3.267A. 


The solutions of the sets of four simultaneous 
equations were obtained for us by the use of the 
R.C.A. “Electronic Simultaneous Equation Sol- 
ver.’’7 In Table III the results for the first-order 
approximations are compared with those calcu- 
lated by the Klemm-Born method, Eq. (1), and 
by the zero-order approximation, Eq. (15). 


(18) 


TABLE III. Polarization work in e.v. for different degrees 
of approximation. 


First-order 


1.11 
0.92 


Zero-order 


0.94 
0.77 


Klemm-Born 


1.51 
1.20 


NaCl 
RbCl 


7E. A. Goldberg and G. W. Brown, J. App. Phys. 19, 
339 (1948), 


Note that the zero-order approximation yields 
results about twenty percent lower than the 
first-order one and that Klemm-Born values 
deviate by a much larger percentage in the 
opposite sense. However, the numerical differ- 
ences between the various results are small 
because of the low magnitude of W’. In view of 
this latter consideration and the prohibitive 
amount of labor required, no attempt has. been 
made to extend the work to higher orders of 
approximation as was done ® in the calculation 
of the much larger polarization work attending 
the removal of a single charge. 
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APPENDIX I 


The expression (12) for A was obtained by considering 
a sphere of radius 7;; about the origin and taking the 
average of the quantity 
+1 — (ris? — / (1A) 
over this sphere. The subscript i is omitted below for 
convenience. From Fig, 3 
—2r,a 
=r;?+a?—2nay, 
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where y=cos0. 
1 
Area of sphere = 2rr;? J. sin6d0 = 


(1/r2")ave= / =1/(r;? —a?)?. 


By similarly averaging each of the remaining terms in 
Eq. (1A), and converting from the r-notation into the 
p-notation, one finally obtains a series, the first three 
terms of which were chosen as A: 
A=Z (2/p*+3/p'+4/p'). 
(even p) 

These sums can be evaluated from the Jones and Ingham® 
tables and lead to A =7.55272. 


APPENDIX II 


The following types of equations are needed to obtain 
the dipole moments on the ten ions surrounding the pair of 
vacancies: 


Mia+ >= b+ +4Ei, a+, 
(2A) 


with three similar equations for and pia. This 
forms one set of four equations with four unknowns, where 
E1a+ is the electric field due to the polarizing charge /; 
Ei,a+,b+ is the electric field due to the dipole moment, 
#1b+, On an ion of the kind 6+; F1,44,e- is the electric field 
due to the dipole moment, uis-, on an ion of the kind b—; 
Ej,a+,a- is the electric field due to the dipole moment, 
Mia, on an ion of the kind a—; and 2; Li,a4,; is the electric 
field due to the lattice beyond the ten ions, but depending 
only on-the components of the dipole moments induced by 
charge /. All the above electric fields are the components 
directed toward point /. 

It can be seen from the derivation in the Appendix of 
Part I that the general expression for the component of 
the electric field directed toward the polarizing charge of 
a jth ion dipole on an ith ion is 


Eu = —dijurj/a’, 
where 


(pipi)AL (pi tp; ’ 


pp=lP+mP+n?, 
which leads to, for example, 
= — bas, 


To determine the terms of the type 2; Li;, note that 
Mott and Littleton have performed these lattice sums for 
the “whole” (probably 23 shells) lattice, excluding the 


8 J. E. Jones and A. E. Ingham, Proc. Roy. Soc. (A) 
107, 636 (1925). 


Fic. 3. Definitions of quantities for averaging over a sphere. 


first four shells. The equations of type (2A) require the 
sums for the whole lattice, excluding the ten ions under 
discussion and the points / and 2. Hence, it was necessary 
to add to the Mott-Littleton sums the contributions of 
the following 7 ions: 

110 joi 111 Til Tit 200 
101 011 O1T 111 020 020 
TI0 111 111 Til 002 002 


These contributions are determined from the general 
expression for an Lyi; term: 
= —bigeMj/ 

which is derived from the above equation for Ei; when 
1; is replaced by its zero-order expression, Eq. (5), 

paz = Mja*e/ri;? = Mjea/pj. 
For example, we have 


The second set of four simultaneous equations consists of 
= +4 04,64 04, L 2,04, i): 
and the three similar expressions for and 
All the definitions and equations for this set are analogous 
to those for the first set (exemplified by Eq. (2A)). 


APPENDIX III 
It is seen that 


tat) = (2.0285 — ions) 


where Nio ions is the contribution of the ten ions to the 
sum indicated in Eq. (11). 


M10 ions= 1.36705 (using only odd or only 
even values of p). 


lat $2 lat) 
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Note on Transient Pressure Effect in Effusion 


R. B. BERNSTEIN* 
Columbia University, New York, New York 
December 20, 1948 


F two different gases at the same initial pressures are 

allowed to intereffuse at constant temperature through 
a small orifice, a transient net flux through the opening is 
anticipated because of the difference in the average 
molecular velocities of the two gases. Graham (1846) first 
observed such a transient flux in experiments involving 
transpiration through a porous plate. For the case of an 
orifice, the calculation of the resulting transient pressure 
effect is based on straightforward considerations from the 
expression for the number of molecules effusing through a 
small hole.* 

If Niz=number of molecules of component 1 in vessel 
A of volume Vz and Ni;,=number of molecules of compo- 
nent 1 in vessel B of volume Vs, with Nog and N2 defined 
similarly for gas 2, then it is possible to show that 


M1a]= —[S/4 (1/ Va) +(1/ Vo) /dt 


and 
= Va) +(1/ Vo) [Noo], 


where S=effective cross section of orifice and 01, 02=aver- 
age velocities of components 1 and 2. It is assumed that 
the mean free path is considerably larger than the orifice 
diameter. 

Solving with the appropriate boundary conditions, the 
composition and pressure in either vessel may be obtained 
as a function of time. The solution for the ratio of the 
pressure in vessel A at time ¢ to the initial pressure is 


1 
where k is a constant of the apparatus defined— 
k= 48) and 
Thus the ratio P(t)/P(0) is seen to go through a maxi- 


mum (or minimum) at a time fm which may be shown to be 
given by the relation 
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_|n(02/0;) In(Mi/M2) 
ary) 


where M, and M; are the molecular weights of the gases 
1 and 2. 

Several experiments were performed to observe this 
transient pressure effect. The temperature was 25°+1°C. 
The region of 100-500 microns pressure was chosen so that 
the ratio of the mean free path to the orifice dimensions 
would be large. Four glass orifices in parallel were sealed 
into a manifold between two vessels provided with large 
diameter stopcocks. A McLeod gauge was connected to 
the smaller of the two vessels. The volumes of the bulbs 
were 4.80 and 1.34 liters. The orifices were designed and 
constructed by V. H. Dibeler for use as an inlet leak for 
a mass spectrometer. They were found to be approxi- 
mately 0.04 mm in diameter and 0.08 mm thick. Applying 
Clausing’s short tube area correction factor? to the indi- 
vidual ‘orifice cross sections gave for the total effective 
orifice area S=(1.8+0.3) cm?. 

By measuring the rate of effusion of Nz and H: from 
either reservoir through the orifice bank into a vacuum, 
a more reliable value of S was obtained. Curves of InP vs. 
time gave straight lines within the experimental error of 
+2 percent in the pressure. Measurements over the range 
100-500 microns with both Nz and H: resulted in the same 
value for S from the slopes of the lines. The result, 
S=(2.1+0.1) X10-* cm?, may be compared with the above 
value. By comparing the slopes of curves of effusion from 
each of the two vessels, the volume ratio 8 was obtained, 
with a precision of about four percent. 

The apparatus constant k was thus determined to be 
5.0X10-* cm™. Substitution into Eq. (1) together with 
the appropriate velocities made it possible to compute 
the transient pressure effect for a given gas pair. 

Figure 1 shows a graph of the pressure ratio P(t)/P(0) 
as a function of time for Nx, Hz and argon, He. The solid 
curves were calculated from Eq. (1). The various experi- 
mental points were obtained from pressure measurements 
in the smaller bulb, which initially contained either Ho, 
Na, or argon at indicated pressures from 85-480 microns. 
The agreement of the experimental points with the calcu- 
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lated curves is seen to be within +2 percent. It may be 
noted that after 3 hours a residual effect of 5-10 percent 
of the pressure is still observed. 

It is hoped to extend measurements of this kind to 
regions of higher pressure where the transition from 
molecular to hydrodynamic flow may be evidenced. 

The author wishes to thank V. H. Dibeler for kindly 
supplying the orifices. Thanks are due T. I. Taylor and 
R. S. Halford for valuable discussions. 

* Present address: Illinois Institute of Technology, Chicago 16, 
me 8. Loeb, Kinetic Theory of Gases (McGraw-Hill Book Company, 


Inc., New York, 1934), p. 302. 
2 P. Clausing, Physica 9, 65 (1929). 


An Isotope Effect in Photosynthesis* 


Joun W. WEIGL AND M. CALVIN 
Radiation Laboratory and Department of Chemistry, University of 
California, Berkeley, California 
December 16, 1948 


N the course of some kinetic studies on photosynthesis 
of barley seedlings, it has been found that plants 
utilize C’O, faster than C“O:. The plants were placed in 
a closed system containing an infra-red absorption-cell for 
the analysis of total CO: and an ionization chamber for the 
determination of CO, in the gas phase, both instruments 
recording continuously. 

Carbon dioxide, containing about 2 percent C“O., was 
introduced in the dark and the specific activity at this 
point taken as unity. After a short dark period, the lights 
were turned on and photosynthesis was allowed to take 
place. Figure 1 shows the results of a typical experiment. 

During the initial dark period the specific activity fell 
because of dilution by inactive respired CO2. However, as 
photosynthesis proceeded, the specific activity of the 
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residual CO, rose until, when only j of it remained, the 
specific activity reached a peak some 20 percent higher 
than it had been at the start of photosynthesis. At this 
point the steady respiratory dilution became an appreciable 
fraction of the total remaining CO2, and the specific 
activity dropped rapidly. 

Two other possible explanations of the rise in specific 
activity were 

(1) a difference in the response times between the 

instruments of the order of a minute or two and 

(2) the conversion of the CO: into some other volatile 

compound. 

Independent determinations of the response time to 
changes in the system revealed no appreciable time lags. 
The interpretation as an isotope effect was confirmed by 
removing samples of CO: during the course of a run and 
determining its specific activity by counting as BaCO;, 
reconverting to COs, and measuring in a separate ionization 
chamber. 

As a further check, a 200-mg “isotope farm’ was grown 
from a 2-mg inoculum in a large quantity of dilute C“O, 
(initial pressure, 4 mm). When 70 percent of this carbon 
had been converted into organic matter, the reaction was 
stopped, the three phases (air, solution, and algae) sepa- 
rated, and the carbon in each converted into BaCOx; under 
an inert atmosphere. The carbonate was counted; the 
resultant specific activities were (a) air phase, 99; (b) water 
phase, 106; (c) algae, 81. The large difference in the 
specific activities between the organic and inorganic 
carbonate fractions further confirms the reality of the 
isotope effect. 

A similar selectivity favoring C"’O, over C“O, has been 
observed by Nier! and by Urey? in steady state systems, 
in which the net effect is considerably smaller than that 
reported here. 

The authors wish to acknowledge the valuable aid of 
Mr. Paul M. Warrington in these experiments. 

* This paper is based upon work performed under Contract No. 
W-7405-Eng-48 with the AEC in connection with the Radiation 
Laboratory, University of California, Berkeley. 

1A. O. Nier and E. A. Gulbransen, J. Am. Chem. Soc. 61, 697 (1939); 


B. F. Murphey and A. O. Nier, Phys. Rev. 59, 771 (1941), 
2H. C. Urey, Science 108, 489 (1948). 


The Strength of the Hydrogen Bond in Water 


ALAN W. SEARCY 
Department of Chemistry, University of California, Berkeley, California 
November 24, 1948 


HE gaseous polymerization of water molecules 

appears to be too slight to permit an accurate 
determination of hydrogen bond energy from a heat of 
polymerization; however, the energy of formation of the 
hydrogen bond in ice has been determined by indirect 
means to be 4.5 and 4.3 kcal.4? Both of these values 
depend on the assumption that the non-hydrogen bonding 
energy in water is the heat of sublimation that ice would 
have if it were not hydrogen bonded. This heat was 
estimated from the heats of sublimation of HS, H:Se, 
and H.Te. 
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There are two objections to such an assumption: First, 
the molecule in ice has only four nearest neighbors com- 
pared to twelve in H2S, H2Se, and H:2Te crystals. Second, 
as the critical data for non-hydrogen bonded molecules* 
listed in Table I illustrates, a non-hydrogen bonded water 


TABLE I. Critical data for some non-hydrogen bonded molecules. 


Critical temperature Critical density 


egrees 


Ne 
CH, 
A 
HCl 


would have a density at room temperature less than half 
that of actual water. The non-hydrogen bond energies in 
an H,S-like ice might be considerably different from those 
in real ice, particularly if the closer approach of nearest 
neighbors in real ice makes the repulsive energy large. 

If we assume that at absolute zero the simple equation 


(1) 


applies, where a, 6, and ¢ are arbitrary constants, E is the 
energy of sublimation, and 7 is the intermolecular distance, 
we can calculate the dipole energy in ice by a method 
which eliminates the sources of error mentioned above. 
In our equation a/r? is the dipole energy, b/r* is the London 
energy, and c/r® is the repulsive energy. We shall consider 
that the dipole energy is the sum of the energies of the 
two hydrogen bonds of the molecule. 

The derivative of Eq. (1) with respect to r must be 
equal to zero for a stable crystal, and E can be calculated 
from known data to be 10.9 kcal. at absolute zero. We 
need only estimate the London energy to determine both 


the dipole and repulsive energies. We will find the London ~ 


energy between a pair of nearest neighbors in a hypo- 
thetical non-polar ice and make a sixth power correction 
for a change of intermolecular distance to that in real ice. 


TABLE II. Heats of sublimation and density at 0°K. 


Heat of sublimation Density of solid 
kcal./mole g/cm? 


1.44 
1, 
1, 
ai 


In Table II are listed approximate heats of sublimation‘ 
and density’ data for non-polar substances near 0°K. 
From these data we estimate that the density of hypo- 
thetical twelve-coordinated, non-polar water would be 
about 1.30.2 g/cm* and the energy of sublimation, 
1.50.5 kcal. at absolute zero. Since the dipole energy 
would be zero, we solve the energy equation and its 
derivative equation directly, finding 31 kcal. for the 
London energy of a non-polar water. A consideration of 
the geometry of a close-packed crystal indicates that the 
London energy per molecule is 7.227 times that binding 
the molecule to one nearest neighbor. By a similar 
calculation one finds that in a real ice crystal the London 
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energy is approximately 2.5 times that between two 
nearest neighbors. A close-packed crystal of density 
1.3+0.2 g/cm? would have a nearest neighbor distance of 
3.2+0.2A compared to 2.75A for real ice of density 0.948.7 
The London energy in actual ice is then 3.0(3.2/2.75)® 
X (2.5/7.2) =2.6+1.5 kcal. Introducing this value into our 
two equations we find the repulsive energy in real ice to 
be 4.5+0.5 kcal. and the total dipole energy, 12.8-++1 kcal. 
Since there are two hydrogen bonds per molecule of ice, 
the dipole energy per bond is 6.4+0.5 kcal. 

We conclude that repulsive forces make an important 
contribution to the energy of ice and that the dipole 
energy per hydrogen bond is about 2 kcal. per mole 
greater than previously estimated. 


1L. Pauling, Nature of the Chemical Bond (Cornell University Press, 
Ithaca, 1944), p. 304. 

2R. W. Taft, Jr. and H. H. Sisler, J. Chem. Ed. 24, 175-181 (1947). 

3 International Critical Tables, Vol. III, p. 248. 

4F,. R. Bichowsky and F. D. Rossini, Thermochemistry of Chemical 
Substances (Reinhold Publishing Corporation, New York, 1936). 
Values corrected to absolute zero. 

5 International Critical Tables, Vol. I, p. 103; neon and argon values 
from K. Clusius, Zeits. f. physik. Chemie B31, 459 (1936). 

6 J. E. Jones and A. E. Ingham, Proc. Roy. Soc. A107, 636 (1925). 

7N. E. Dorsey, Properties of Ordinary Water Substance (Reinhold 
Publishing Corporation, New York, 1940), p. 466. 


Structure of Ethylene Oxide 


G. L. CuNnNINGHAM, A. W. Boyb, AND WILLIAM D. Gwinn 
Department of Chemistry, University of California, 
Berkeley, California 
AND 
W. I. LEVAN 
Department of Electrical Engineering, University of 
California, Berkeley, California 
December 6, 1948 


HE moments of inertia of ethylene oxide have recently 
been reported.' In order to calculate the bond 
distances, deuterated ethylene oxide has been prepared, 
and its microwave spectrum has been measured. The 
values of the rotational parameters for the zero rotational 
level are: (a—c)/2=4427.540.5 mc, «=—0.11615 
+0.00010, and (a+c)=31,9434+1 mc. The transitions 
observed are listed in Table I with the values of (a—c)/2 
calculated assuming x= —0.11615. The uncertainty of « 
has very little effect on the uncertainty of the moments of 
inertia because of the small value of «. The recent values 
of the physical constants? have been employed, necessi- 
tating a small revision of the moments of inertia of C2.H,O. 
The values for both molecules are given in Table IT. 
Since the moments of inertia are very sensitive to the 
bond distances, it is possible to calculate distances which 


TABLE I. Spectrum of C2D,0. 


Frequency 2 (calc.) 


Transition 


Oo —1o 31,943 mc _ 

2-1-2: 26,565 4427.5 
3-3 — 3-1 24,055 4427.9 
3-2—30 33,285 4427.9 
30 —3:2 35,341 4427.7 
31-33 29,080 4427.9 
4-2—40 21,664 4427.8 
24,668 4427.7 
51-53 39,592 4427.7 
6-2 —60 28,495 4427.5 
8-2—80 35,068 4427.1 
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TABLE II. Moments of inertia. 


C2HsO 
lA 32.917 g-cm? 
Ip 37.920 g-cm? 
59.500 X10~“ g-cm? 
C2D4,0 
IA 41.123 g-cm? 
IB 54.271 g-cm? 
Ic 72.667 X10~* g-cm? 


are uncertain by less than +0.0001A. However, the 
moments of inertia measured are those of the zero vibra- 
tional level, and introduction of a different isotope alters 
the zero-point energies and may change the effective 
positions of the atoms. The uncertainty of the bond 
distance obtained has been estimated* as less than 0.01A 
in OCS. In the case of ethylene oxide, the molecular 
dimensions are determined by five parameters, so that with 
six moments of inertia it is possible to remove one of the 
assumptions about the relative positions of the hydrogen 
and deuterium atoms. If we assume the direction of the 
C—H bond does not change, a C—D bond length can be 
calculated. The bond distances so calculated have an 
uncertainty which is unknown, but less than 0.01A. They 
are given in Table III. 

It should be noted that although six variables were 
solved for, it is impossible to obtain equally valid results 
by making a large change in one and compensating small 
changes in the other five. The height of the hydrogen 
atoms above the plane of the molecule is in each case 
determined directly by the difference between (J4+Jz) 
and Jc. (The sign of x was determined by this relationship 
because, when « is small, the Stark coefficients vary only 
slightly in going from +« to —x, making assignment from 
the observed Stark effect difficult. If « were positive, the 
C—D distance would be 8 percent smaller than the C—H 
distance, whereas for negative «x the distance increases by 
only 0.16 percent.) The two values of Jg then determine 
the C—C distance and one component of the C—H 
distance, and of J, determine the distance of the oxygen 
atom from the C—C bond and the other component of 
the C—H distance. Each pair of solutions is unique. 

It is interesting to note that the normal C—C bond 
distance is 1.54A and the C—O distance is 1.44A. In 
ethylene oxide, the C—O distance is nearly 1.44A, while 
the C—C distance is 0.07A shorter than the normal bond. 
This seems to indicate that nearly all the strain required 
to form the C—O—C ring is taken up in the C—C bond. 

Three further lines of the C2.H,O spectrum have been 
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TABLE III. 

C—O distance 1.4363A 
C—C distance 1.4728A 
distance 1.0802A 
C—D distance 1.0819A 
H—C—H angle 116° 51’ 
H:—C—C angle 158° 5’ 

Derived 
C—O-—C angle 61° 41.2’ 
O-—C-—C angle 59° 9.4’ 
H2—CO angle 142° 45.6’ 


observed. They are in complete agreement with the 
previously observed spectrum and are given in Table IV. 
The value predicted! for the 42.—4, transition was some- 
what low because of a numerical error in the calculated 
energy of the 4, level. 

Data differing from ours on ethylene oxide have been 
published.* The discrepancy between our results and those 
of Shulman, Dailey, and Townes is of the same order of 
magnitude as the internal consistency of their data as 
shown in Table V. 


TaBLeE IV. Additional lines for C2HsO. 


a-c 

Transition Frequency ( 2 /(calc.) A 
2-1-21 34,158 $693.0 +0.1 
42—44 34,150 5692.7 —0.2 
4-2—40 41,581 5692.5 —0.4 
82 —84 43,398 5689.6 —3.3 


TABLE V. Data of Shulman, Dailey, and Townes on C2H,O. 


2 (calc.) 

Transition Frequency assuming «x =0.395 A 
2-2—20 24,948 5744.4 
3-1-3: 23,614 5727.2 — 17.2 
31-33 23,160 5611.7 —132.7 
40 —42 24,855 5685.9 — 58.5 


We wish to express our appreciation to the Research 
Corporation for a grant-in-aid support of this research. 
We also wish to express our appreciation to Mr. James 
Shoolery for designing and building a part of our electronic 
equipment. 


1G. L. Cunningham, W. I. LeVan, and William D. Gwinn, Phys. 
Rev. 74, 1537 (1948). 

2 J.W.M. DuMond and E. R. Cohen, Rev. Mod. Phys. 20, 82 (1948). 

3C. H. Townes, A. N. Holden, and F. R. Merritt, Phys. Rev. 74, 
1113 (1948). 

4R. G. Shulman, B. P. Dailey, and C. H. Townes, Phys. Rev. 74, 
846 (1948). 


Vibrational Spectrum of Diiodoacetylene 


ARNOLD G. MEISTER AND Forrest F. CLEVELAND 
Department of Physics, Illinois Institute of Technology, 
Chicago 16, Illinois 
December 15, 1948 


AMAN frequencies and semiquantitative relative 
intensities have been obtained for diiodoacetylene in 
alcohol and acetone solutions. The results are compared 
in Table I with the previous Raman data of Glockler and 
Morrell! and with the infra-red data of Emschwiller and 
Lecomte.? The Raman frequencies agree rather well in the 
two investigations except that in the present work a value 
of 2099 cm=! was obtained for the second line in the 
2100-cm™ region which Glockler and Morrell observed 
but did not measure. This line was measured on three 
separate plates as 2098, 2098, and 2101 cm~ and is visible 
on the microphotometer tracing in the paper by Glockler 
and Morrell. Also, no coincidences in Raman and infra-red 
frequencies were observed in the region for which the 


infra-red frequencies were determined by Emschwiller and ° 


Lecomte (650-1450 cm™). 


TABLE I. Raman and infra-red data, calculated frequencies, 
and assignments for diiodoacetylene (C:l2). 


Observed Calc. 
Raman Infra-red 


Glockler, Present CS: 
Morrell results soln. Solid 


ay TI Av I ve Assignment Symmetry 


—— i115 Ew 
191.3 70 191 11 191 vi Aig 
310.2 50 307 8 310 % Eig 
627.0 30 621 3 (620) 2 AigtEx 
688.2 20 688 1 (692) w+2n Eig 
718s 703s 710 v3 Aw 
780 m (735) vs+2% 2Ew+Esu 
1003 w (1020) w+; Eww 
1052 w (1092) vs+2n Aw 
1420 m (1402) Ew 
(1399) or ve—vs Aw 
2099 (40) (2148) Aig+E2g 
2109.4 100 2113 100 2109 v2 Aig 


* Av =Raman frequency in v=infra-red frequency in cm™; 
ve=calculated frequency in cm~!; J =relative intensity, on the basis 
of 100 for the strongest Raman line, s =strong, m =medium, w =weak; 
values in regard to which there is some uncertainty are enclosed in 
parentheses; both of the Raman spectra were obtained in solution in 
acetone and in absolute alcohol. 


Since Glockler and Morrell expressed some doubt as to 
the linearity of the structure of Colo, it was felt that a 
calculation of the fundamental frequencies might be of 
some help. Accordingly, these frequencies were calculated 
using the Wilson* FG matrix method and force constants 
obtained from a previous investigation of methyliodo- 
acetylene.‘ A linear model was assumed since the observed 
dipole moment is nearly zero,5 and electron diffraction 
results* indicate that diiodoacetylene is linear. Six con- 
stants were used in the potential energy function. They 
were k,, the C=C stretching force constant, ki, the C—I 
stretching force constant, kiq and ky stretching interaction 
constants, ky, the I—C=C angle bending force constant, 
and kyy, the angle bending interaction constant. The 
calculated frequencies obtained from the force constants 
transferred from methyliodoacetylene are given as Set 1 in 
Table II. The results indicate that there is an unobserved 
infra-red fundamental frequency near 120 cm~. In order 
to improve the agreement between the calculated and 


TABLE II. Force constants, corresponding calculated fundamental fre- 
quencies, and observed fundamental frequencies for diiodoacetylene. 


Force Numerical values, 105 dynes/cm 
constants Set 1 Set 2 Set 3 
ka (15.799 )* (15.799) (15.799) 
ki (3.5707) [3.2559] 3.0186] 
k Pa (0.059671) (0.05967) 0.05967) 
kia (0.5320) 0.8500] 0.7350] 
k ye (0.036945) 0.02538] 0.02538] 
kit (0.00000) (0.00000) [ —0.2372] 
Frequencies 
Desig- Calculated values, cm=! 

Type nation Set 1 Set 2 Set 3 Observed 
Aig "1 213 206 [191 191 
Aig ve 2162 [2109 [2109 2109 
Aw v3 744 710 710 710 
Eig “4 252 310 310 310 
Ew v5 122 115 115 = 


.__* The force constants in parentheses were transferred from methyl- 
ae those in brackets were determined from the frequencies 
in brackets. 
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observed values of the frequencies, the frequencies in 
Table II enclosed in brackets were used to modify the 
force constants of Set 1 so that Sets 2 and 3 were obtained. 
As a result of these modifications, it appears that the 
unobserved infra-red fundamental should be near 115 cm~. 
This frequency is further established by its appearance in 
two of the combination frequencies given in the assign- 
ments of the observed frequencies in Table I. 

In view of the reasonable agreement of the principal 
Raman and infra-red bands with the frequencies calculated 
from methyliodoacetylene force constants (Set I of Table 
I), the satisfactory assignment of the observed frequencies 
given in Table I, and the dipole moment and electron 
diffraction evidence, it no longer appears necessary to 
assume that diiodoacetylene departs from the conventional 
linear and symmetrical structure of acetylene itself.” 


M 3) Glockler and C. Morrell, J. Chem. Phys. 2, 349 (1934); 4, 15 


2G. Emschwiller and J. Lecomte, J. de phys. et rad. 8, 130 (1937). 
3 E. B. Wilson, Jr., J. Chem. Phys. 7, 1047 (1939); 9, 76 (1941). 
4A. G. Meister, J. Chem. Phys. 16, 953 (1948). 

a ae E. Sutton, R. G. A. New, and J. B. Bentley, J. Chem. Soc., 652 
933). 
6H. de Laszlo, Trans. Faraday Soc. 30, 825 (1934); Nature 135, 

474 (1935). 
7A more detailed paper bearing the same title was presented at the 

international colloquium on Diffusion des radiations électromagnétiques 

par la matiére at Bordeaux, France, in April 1948; this paper is sched- 
uled for later publication as a part of the proceedings of this colloquium. 
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The Electronic State of the Methylene Radical 


K. J. LAIpLer AND E. J. CASEY 
Department of Chemistry, The Catholic University of America, 
Washington, D.C. 
December 22, 1948 


N a recent discussion of possible electronic configurations 
for the methylene radical, A. D. Walsh! has tentatively 
concluded that the C—H bonds have more sp-hybrid 
character than p-character. On the other hand, when due 
regard is paid to the fact that little resonance occurs 
between states of different multiplicity, it would seem that 
this conclusion should be reversed: very little hybridization 
occurs, the bonds being op with a certain amount of ionic 
character. 

This may be shown as follows. Atomic carbon in its 
lowest state has the configuration [(1s)*(2s)*(2p.)(2p,) ], 
and if it forms CH2 by making two pure p-bonds with 
hydrogen atoms, the molecular configuration becomes 
CHz the two localized o-orbitals? 
being directed at right-angles to each other; this is a singlet 
covalent state, which we shall denote by CH: (cA), and 
the bond angle H—C—H is 90 degrees. 

Alternatively, if sp-hybridization occurs, following the 
promotion of an s electron to give the 5S atomic state of 
carbon the lowest sp-hybrid 
state can be represented as [(1s)*(2q)?(2p-)(2p,) ], where q 
denotes one sp-hybrid bond orbital and the two unshared 
electrons go into different p-orbitals; the state is conse- 
quently triplet, and the bond angle is now 180 degrees, 
owing to the sp-hybridization. This triplet state of CH» 
with the covalent hybrid bonding can be designated 
CH: (ch and has the configuration CH» [(1s)?(2q)* 
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Triplet States 


Singlet States 
(linear) 


(non-linear or linear) 


(i2'P) 


(c1A) 


ground state 


Fic. 1. Schematic representation of energy levels corresponding to 
various pure ionic and pure covalent states in the CHe radical. c=pure 
covalent state; ch =pure covalent-hybrid state; i1=ionic state corre- 
sponding to HC- H*; i=ionic state corresponding to H*C"H*. As 
explained in the text, the singlet ionic states are slightly higher than 
the corresponding triplet states, but the covalent singlet state, CH (c!A), 
must be lower than CHe (ch *II) to account for the experimental angle 
¢ 140 — The bonds are thus formed mainly from pure p-orbitals 
of carbon. 


X where 2; and represent the 
molecular orbitals binding the carbon atom to the two 
hydrogen atoms. 

The possible ionic states of CHe (c 1A) can be shown to 
be singlet and triplet: single ionization of CH: (c!A) to 
give H—C~Ht* gives (a) the lowest state of H—C~ to be 
[(1s)?(2s)?(2p,)?(2p,)(2p-)], an ionic triplet state, to be 
denoted by (7; II), and (b) a higher state, [(1s)?(2s)? 
X(2p.)*(py)?], which is a singlet state and denoted by 
’ (i Il). Similarly, the doubly ionized possibilities are (a) the 
lowest energy state of C™, [(1s)?(2s)?(2p,)?(2p,)(2p.) ] a 
triplet, denoted by (i2P), and (b) a higher state [(1s)?(2s)* 
X (2p2)*(2p,)?], a singlet state, denoted by (i21P). The 
methylene radical in the state CH2 (c!A) can resonate 
with ionized forms involving the same multiplicity, viz.: 
(4; 1M) and (i2'!P), both singlets. No resonance can occur 
with the states (7; and (72 

In a similar manner, it can be shown that CH» (ch *I) 
can resonate with two triplet, ionized states. The corre- 
sponding singlet states also occur, but these cannot 
resonate with the triplet ground state. 

There are therefore two distinct possibilities for the 
methylene radical in the ground state: (1) it is in a singlet 
state in which there is resonance mainly between the 
90-degree covalent structure, (c!A), and the two singlet 
ionic states, (7: +I) and (72 1P), the effect of the ionic states 
being to increase the bond angle beyond 90 degrees, and 
(2) it is in a triplet state involving resonance between the 
hybridized linear triplet covalent state CH (ch *II) and 
the two corresponding ionic states. Ionic states in this 
case do not affect the 180-degree bond angle. From a 
consideration of the ionic states alone, the linear triplet 
ground state would be favored over the bent singlet ground 
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state since triplet ionic states are lower in energy than 
corresponding singlet states. 

Experimentally, it is found that the bond angle in the 
lowest state is about 140 degrees. Herzberg* has identified 
certain bands found in the spectra of comets as arising 
from CH: and has succeeded in reproducing the bands by 
passing an electrodeless discharge through methane.‘ The 
bands have also been obtained by Herman,® who passed a 
discharge between carbon electrodes in an atmosphere of 
hydrogen, and by Letort and his co-workers* from the 
decomposition of diazomethane, which can be shown by 
the tellurium mirror technique to give rise to methylene 
radicals. There would seem, therefore, to be little doubt 
about Herzberg’s identification or about his conclusion as 
to the angle. 

The fact that the angle is less than 180 degrees appears 
to point unequivocally to the conclusion that the molecule 
is in a singlet state and that the bonds arise largely from 
pure p-orbitals of carbon, with only a small contribution 
from sp-hybrid orbitals. Since the ionic states favor the 
triplet state somewhat, the pure covalent state CH: (c 1A) 
must be lower than the pure covalent hybrid CHe (ch *I1), 
indicating that in this case the bonding energy gained by 
hybridizing after promotion of an electron is more than 
offset by the energy needed to promote the electron. The 
relative positions of the energy levels are indicated sche- 
matically in Fig. 1. 

It may be noted that a certain amount of sp-hybridiza- 
tion may occur in the molecule, arising from resonance 
between CH, (c!A) and singlet excited hybrid states of 
CH: (ch #11), the lowest of these excited hybrid states being 
designated as CH: (ch 'II). However, since these states are 
less stable than the lowest state, CH» (ch MI), and since 
the experimental angle shows that CH: (ch II) is higher 
than the lowest singlet state CH: (c'A), formed by the 
bonding of pure p-orbitals, it can be concluded that the 
amount of sp character in the bonding is very small. 
This being so, the analogy between the C—H bond in 
methylene and in acetylene (in which sp-hybridization 
occurs to completion) is not as close as has sometimes 
been supposed. 

The above interpretation of the stri -ture of the methy- 
lene radical is consistent with the experimental findings of 
Pearson, Purcell, and Saigh,’? according to whom the 
methylene radical is much less reactive than the methyl 
radical, and who conclude, therefore, that the CH: radical 
contains no unpaired electrons, i.e., is in a singlet state. 
Support is also found in the work of Lennard-Jones,* who, 
by a quantum-mechanical analysis, found that (c “ is 
the state of lowest energy. 

Thanks are due Dr. G. Herzberg and Professor P. 
Letort for information relative to this problem. 

1A, D. Walsh, Faraday Soc. Le gig} 18 (1948). 

2 Cf. C. A. Coulson, Quarterly Rev. 1, 160 (1947). 

3G. Herzberg, Rev. Mod. Phys. s 195 (1942). 

4Idem, Astrophys. J. 96, 314 (1942). 

5 R. Herman, Comptes Rendus 223, 280 (1946). 

Letort, private communication. 

T. G. Pearson, R. H. Purcell, and G. S. Saigh, J. Chem. Soc., 409 


(1948). 
8 J. E. Lennard-Jones, Trans. Faraday Soc. 30, 70 (1934). 
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The Efficiency of the Internal Conversion 
Process in Br®°* 


WILLIAM H. HAMILL AND J. A. YOUNG 
Department of Chemistry, University of Notre Dame, 
Notre Dame, Indiana 
December 17, 1948 


EVERAL values for the efficiency of internal conversion 
of Br® (4.5 hr.) have been reported. Previous studies 
of chemical effects accompanying this nuclear reaction 
carried out in condensed phases have given values of 0.85 
to 0.90.1 According to recent physical measurements,? the 
transition proceeds in two steps, one of which is apparently 
completely internally converted, as evidenced by failure to 
find the corresponding unconverted gamma-ray. This 
should lead to chemical activation in every decay, although 
the ultimate chemical effect will depend upon the environ- 
ment, 

Since we plan to undertake quantitative kinetic studies 
with Br®° (4.5 hr.) in gaseous systems, it is first necessary 
to measure the conversion efficiency in terms of the 
chemical effects produced in a gaseous system, and to 
correlate quantitatively, if possible, chemically and physi- 
cally measured conversion efficiencies. To achieve maxi- 
mum separation of parent and daughter activities it is 
probably necessary to avoid the cage effect of the liquid 
phase, to introduce the parent into a relatively stable 
molecular form, and to add an acceptor which will readily 
combine or exchange with the nascent daughter particles. 
Finally it must be possible to remove Br*®® (18 min.) and 
begin counting Br*® (4.5 hr.) within a brief interval since 
the ratio of the counting rates at zero time (moment of 
separation) is a measure of conversion efficiency. The 
following procedure proved to be satisfactory. The total 
bromine activity, as AgBr*, was converted to AlBr;* and 
exchanged with CH;Br*; water was added to destroy 
AlBrs and CH;Br* was then distilled from P20; and HBr 
(0-50-mole percent) was added. This gaseous mixture 
remained at room temperature for two hours. The CH;Br* 
was transferred to the cold finger of a gas sample holder 
surrounding a thin-wall counter within an interval of ten 
seconds: HBr was removed during the transfer by an 
interposed soda-lime tube. Counting of the gas sample, 
at a fraction of its vapor pressure, started within thirty 
seconds and continued through the decay of Br®. In our 
counting arrangement the counting efficiency of Br®* (4.5 
hr.) is quite negligible and therefore its activity must be 
measured through its 18-min. daughter. After correcting 
for a small Br® (34 hr.) contribution and for background 
the residual growth and decay curve may be expressed by 


Ae 


0. 
A2—Ai 


(1) 


TABLE I. 


Efficiency 
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The 4.5-hr. and 18-min. periods are adequately resolved 
and represented by 


A2:=A for et (2) 


2 

a4 2, (3) 
during the time intervals 180-500 min. and 0-15 min., 
respectively. In these equations subscripts 1, 2 refer to 
parent and daughter and A, \, ¢ refer to activity, decay 
constant, and time, respectively. Table I summarizes these 
results. The experimental points agree with the expected 
slopes of both segments of the growth and decay curve in 
all cases. 

It is interesting that even without addition of HBr there 
is very little apparent retention of Br®* (18 min.) by 
CH;Br. Although no attempt was made to follow in detail 
the fate of daughter particles, it was repeatedly observed 
that about half of the 18-min. activity remained in the 
counter chamber after removal of the parent CH;Br*. 
Unless the half-time for absorption of these particles is 
short, it might be expected that a time-dependent geometry 
would be exhibited as a trend in the 18-min. period. Since 
the latter is correct within the statistical counting error, 
the effect may be ignored since the conversion efficiency 
is based upon the ratio of extrapolated Br*®® (18-min.) 
activities. 

These experiments demonstrate that there is no branch- 
ing decay of Br®® (4.5 hr.), that the chemical effects 
produced correspond to complete conversion, in agreement 
with the physical effects, and that quantitative correlation 
of chemical effects with nuclear phenomena in the liquid 
phase may be unreliable. 

We are grateful to Dr. Russell R. Williams, Jr., for his 
interest in a helpful discussion of this work. 

* This work was supported under ONR contract N6 ori 165 T.O. II. 

1 Devault and Libby, J. Am. Chem. Soc. 63, 3216 (1941); Willard, 
J. Am. Chem. Soc. 62, 3162 (1940). 


2A. D. Grinberg and L. I. Rossinow, Phys. Rev. 58, 181 (1940) ; 
Berthelot, Ann. de physique 19, 219 (1944). 


Styrene Polymerization in a Magnetic Field 


J. E. LEFFLER AND M. J. SIENKO 
Baker Laboratory of Chemistry, Cornell University, Ithaca, New York 
December 16, 1948 


CHMID et al. have reported that a strong external 
magnetic field decreases the rate of the polymerization 

of styrene to methanol-insoluble polystyrene.! They sug- 
gest that the reaction impending influence of the magnetic 
field is due to the orienting of reacting molecules and the 
associated restriction of the mobility of the molecules. 
The Cotton-Mouton effect is probably too small at the 
temperature of polymerization of styrene to produce the 
observed decrease in rate by orienting the molecules. 
Since organic free radicals have been shown to be in a 
2-state* in which the coupling between the spin moment 
and the axis of figure of the molecule can be neglected, it 
is likely that an external magnetic field would orient not 
the radicals but only the spin moments of the odd electrons. 
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MeBr HBr 

cm cm A; 

12 6 1328 —35 1.00 

20 12 375 +15 0.96 
9 15 0 1206 +45 0.96 

45 45 2238 +30 0.99 
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For the thermal polymerization of styrene, Walling has 
suggested that the rate is proportional to the first power 
of the rate constant of the radical propagation step.* 
Assuming that the chain propagation step in field-free 
space occurs by a preliminary uncoupling of the I-elec- 
trons, the process can be represented as follows: 


N 4 


Ph—CH—CH:+R=| Ph-CH—CH—R 
monomer radical transition state 
t 
=Ph—CH—CH.-R. 


radical 


In the presence of a strong external magnetic field the 
uncoupled state is more probably | Ph-CH—CH:—R 
where all three electron spin moments are now oriented 
with respect to the external field. Such a configuration 
would not lead to bond formation in either direction. 

It is evident that this formulation agrees with the 
observed deceleration by the external magnetic field. If 
in the thermal depolymerization of polystyrene, degrada- 
tion of a radical is involved, the same uncoupled transition 
state should occur, and an external magnetic field should 
diminish the rate constant of the radical degradation step. 

1H. Schmid, G. Muhr, and H. Marek, Zeits. f. Elektrochemie 51, 
Miller, Zeits. Elektrochemie 51, 24 (1945); E. Miller, I. 
Miiller-Rodloff, and W. Bunge, Lieb. Ann, d. Chemie 520, 235 (1935). 


*C. Walling, E. R. Briggs, and F. R. Mayo, J. Am. Chem. Soc. 68, 
1145 (1946). 


The Estimation of the Hindering Potential 
Barrier of Hexachloroethane by Electron 
Diffraction Investigation 


YONEzZO MorINo AND MACHIO IWASAKI 
Faculty of Science, Nagoya University, Nagoya, Japan 
December 27, 1948 


ECENTLY J. Karle! calculated the contribution of 
hindered rotation to electron diffraction by gaseous 
molecules and suggested that the hindering potential 
barrier Vo of hexachloroethane for the rotation of CCl; 
groups would be determined by electron diffraction investi- 
gation, because the intensity curve of this molecule is 
sensitive to Vo/kT. 

One of the present authors and his co-workers? inter- 
preted the electron diffraction pattern of hexachloroethane 
by the rigid staggered model. Their treatment has an 
imperfection that the intensity relation between the 5th, 
6th, and 7th maxima in the theoretical intensity curve do 
not agree with the observed pattern. It should be of great 
interest to remark that this disagreement can be removed 
by considering the effect of the hindering rotation of 
CCl; groups by Karle’s method. 

The curve V in Fig. 1 is the visual curve of the photo- 
graph obtained at room temperature, the curve A is the 
one which is calculated for the rigid staggered model, and 
the curve B is the one calculated at room temperature for 
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10 15 20 


Fic. 1. Comparison of the theoretical intensity curves with the visual 
curve of hexachloroethane. Curve V, the visual curve; Curve A, the 
calculated curve for the rigid staggered model (Vo=«); Curves B 
and C, the calculated curve for the model of hindered rotation with 
Vo =14 and 6 kcal./mol., respectively. (The structure parameters used: 
C—C =1.54A, C—Cl =1.77A, and ZCICCIl =108° 45’.) 


the model of hindered rotation with Vo=10 kcal./mol. 
X(Vo/kT =17). The intensity curve between the 5th and 
6th maxima is very sensitive to the barrier height. The 
diffraction pattern shows that the 6th maximum is very 
weak compared with the 5th and 7th maxima. But in the 
intensity curve for the rigid staggered model, both the 5th 
and 6th maxima are weak compared with the 7th maxi- 
mum. When the effect of hindering rotation is taken into 
consideration, with decreasing the value of Vo/kT, the 5th 
maximum increases, while the 6th maximum decreases and 
disappears for Vo/kT smaller than 12. The features of the 
intensity curve between the 5th and 7th maxima agree 
well with the observed pattern at the value of Vo/kT 
= 17-25. From this result the barrier height of hexachloro- 
ethane is estimated to be 10-15 kcal./mol. 

The structure parameters which were determined by 
considering the effect of hindering rotation are as follows: 
C-—Cl=1.77+40.02A, C—C=1.54+40.07A and /CICCI 
= 108° 45’+1° 30’. 

I. Miyagawa’ in our laboratory computed the inter- 
atomic potential between chlorine atoms, 


= — 1.515 X 10-7/r” erg/molecule 
(r in A unit), 


from the second virial coefficients of the gas. By assuming 
that this function can also be applied to intramolecular 
potential, the hindering potential barrier of hexachloro- 
ethane is calculated to be 12 kcal./mol., which agrees with 
the observed value stated above. 

For the determination of potential barrier it is desirable 
to study the temperature variation of the diffraction 
pattern of hexachloroethane, and we are now undertaking 
the experiment. 


1J. Karle, J. Chem. Phys. 15, 202 (1947). 

2 Y. Morino, S. Yamaguchi, and S. Mizushima, Sci. Pap. Inst. Phys. 
Chem. Research (Tokyo) 42, 5 (1944); Y. Morino and M. Kimura, 
J. Chem. Soc. (Japan) 68, 78 (1947). 

* Y. Morino I. Miyagawa, J. Chem. Soc. (Japan) 68, 62 (1947). 
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LETTERS TO 


Intrinsic Viscosity of Linear Polymers 


J. N. Witson 
Shell Development Company, Emeryville, California 
December 28, 1948 


ECENT theoretical developments have led to the 
proposal of several new expressions relating the 
intrinsic viscosity of a linear polymer to its molecular 
weight and structure.!~* The following simple interpolation 
formula, which gives results similar to these, was inde- 
pendently proposed by the author at these laboratories in 
May, 1947: 
(1) 


where Z is the number of links in the polymer chain and in 
the terminology of Kirkwood and Riseman* 


Ki = (2) 
(3) 


This expression was chosen because it is the simplest one 
which at low values of Z approximates the Staudinger 
equation in accordance with and experiment,® !° 
and at high values of Z approximates the proportionality 
to Z} first suggested-by Kuhn." The value of K: was taken 
in accordance with the theory of the Staudinger equation, 
and the value of K2 was determined from the consideration 
that at high values of Z the solution of convoluted polymer 
molecules with solvent trapped within their coils should 
approximate a suspension of Einstein spheres with effective 
diameter D equal to aR, where R, the root mean square 
distance between the ends of the chain, is equal to bZ}. 

Equation (1) is a remarkably good approximation to the 
theoretical formula of Kirkwood and Riseman, in which 
the term (1+K2Z+)™ is replaced by 

k=1 
The latter expression for values of Z up to the order of 
10° is approximately equal to (1+0.76\9Z!)“!. The factor 
0.76 is correct for \9Z!=1.5 and is in error by about 6 
percent at the extremes of the range given. It is doubtful 
whether the precision with which the molecular weight 
distributions of polymer fractions can be measured is 
sufficient to provide a distinction between the expression 
(4) and its approximation. Substituting for Xo (3) we obtain 

(5) 
By comparison with Eq. (3) we obtain 0.72 for the theo- 
retical value of a, the factor relating the diameter of the 
equivalent Einstein sphere to the root mean square distance 
between the chain ends. 

Experimental data may readily be fitted to Eq. (1) by 
plotting M/[m] vs. M+ where M is the molecular weight 
of the polymer. Osmotic data obtained by the author for 
acetone solutions of seven fractions of polymethacrylo- 
nitrile covering the range 90,000 to 950,000 in Mn are in 
accordance with Eq. (1) with K:=(2.66+0.21)x10-* 
(g/100 ml); Ke=(9.4+1.5) From the ratio of these 
constants me the value 33.5 for Mo, the mean molecular 
weight per chain-element, we obtain ab =5.0+0.3A. The 
value 7.7A for b was obtained from measurements of the 
asymmetry of light-scattering by the solutions. Thus the 
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experimental value for @ is 0.65+0.04, in approximate 
agreement with the Kirkwood-Riseman theory. The value 
of ¢/no is 0.9A; thus the effective Stokes’ law radius of a 
chain-element is computed to be 0.05A, comparable to 
the abnormally low values reported for polystyrene.** 

Weight-average molecular weights computed from light- 
scattering data were in reasonable agreement with the 
osmotic molecular weights in the range 90,000 to 400,000; 
above this range M, was larger than M, by a factor which 
increased rapidly as M, increased and was of the order of 
2 at M,=10*. In this range and above, the plot of 
M,,/(4] vs. M+ deviates rapidly from the similar plot 
involving M,, in the direction of higher values of M,/[n]. 
These effects suggest that in the higher molecular-weight 
range a portion of the solute molecules aggregates into 
large clusters; the effect of clustering on the value of [7] 
will be small if the volume of the equivalent Einstein 
sphere of a cluster is not too greatly different from the 
sum of the volumes of the equivalent spheres of its con- 
stituent solute molecules. 

iF Debye, Phys. Rev. 71, 486 (1946). 

. C. Brinkman, Physica 13, 447 (1947). 

oy 'G. Kirkwood and J. Riseman, J. Chem. Phys. 16, 565 (1948). 

4P. Debye and A. M. Bueche, J. Chem. Phys. 16, 573 (1948). 

5 W. Kuhn, Zeits. f. physik. Chemie A161, 1 (1932). 

6M. L. Huggins, J. Phys. Chem. 43, 439 (1939), 

7H. A. Kramers, J. Chem. Phys. 14, 415 (1946). 

8 P, Debye, J. Chem. Phys. 14, 636 (1946). 

®H. Staudinger, Die Hochmolekularen Organischen Verbindungen 
(Vers Julius Springer, Berlin, 1932). 


Lauffer, Chem. Rev. 31, 561-86 ‘aie 
uW. Kuhn, Kolloid Zeits. 68, 2 (1934) 


The Vibrational Spectra of Some 
Metal Borohydrides* 


W. C. Price,** H. C. Loncuet-Hicerns, B. RIcE, AND T. F. Younc*** 


Departments of Physics and Chemistry, University of Chicago, 
Chicago, Illinois 


December 27, 1948 


HE infra-red spectra of aluminum, lithium, and sodium 

borohydrides have been studied by W. C. Price, that 
of beryllium borohydride by H. C. Longuet-Higgins, and 
the Ramanespectrum of aluminum borohydride by T. F. 
Young and B. Rice. Details will be published shortly in 
separate papers, but we here give the main results so far 
obtained. 


TABLE I. Vibrational frequencies in borohydrides. 


BoHe 
Rb 


I.R. 


978 
1114 


Be(BHa)2 LiBHs NaBH« 
I.R. LR. 


977 
1122 
1156 


1008 1096 1080 (a) 


1502 
(b)4 1850(?) 
1984 


(c)4 2522 
2614 


2082 


2245 2150 
to to 


2404 2380 (c) 


® See reference 1. 
See reference 2. 
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The frequencies of the principal bands occurring in the 
range 900-2700 cm are shown in Table I, which includes 
the most recent data on B2Hs for comparison.'? The fre- 
quencies in class (a) are attributed to B-H deformations, 
and those in class (c) to ordinary B-H stretching modes. 
The presence of strong absorption around 1500 and 2000 
cm™ in the Be and Al compounds is very strong evidence 
that these molecules have bridged structures, as suggested 
already by one of us.’ In these two molecules there are 
two groups of frequencies in the range (b); by analogy 
with diborane, these are probably associated with motion 
of the bridge hydrogen atoms parallel and perpendicular 
to the bridge axis, respectively. However, when we pass to 
the more ionic lithium and sodium borohydrides, these 
frequencies respectively degenerate into bending and 
stretching frequencies of the BH, ion 

The B-H stretching frequencies in class (c) are probably 
associated with terminal BH» groups in the Al and Be 
compounds, but until detailed assignments can be made it 
would probably be wiser not to draw conclusions as to 
the relative force constants in these molecules. 

Our warmest thanks are due Professor R. S. Mulliken 
for constant encouragement and help in many ways. 

* The infra-red work was done under Contract N6ori-20, Task Order 
IX, NR 019 101, with the Office of Naval Research. 

** Now at King’s College, Strand, London, England. 

#e* W. C. Price and H. C. Longuet-Higgins, Physics Department. 
B. Rice and T. F. Young, Chemistry Department. 

1W. C. Price, J. Chem. oe 16, 894 (1948). 


oa F. Anderson and A. B. Burg, J. Chem. yi beh $, 586 (1938). 
H. C. Longuet-Higgins, J. Chem. Soc., 139 (194 


The Infra-Red Spectra of Borine Carbonyl 
and Tetramethyldiborane* 


R. D. Cowan** 


Ryerson Physical Laboratory, The University of Chicago, 
hicago, Illinois 


December 27, 1948 


HE infra-red spectra of borine carbonyl and of tetra- 
methyldiborane have been obtained in the interval 2 
to 25 microns with a Perkin-Elmer spectrometer. 

In the spectrum of borine carbonyl (H3;BCO) the coarse 
structures of two bands (a strong one at 2440 and a weak 
one at 810 cm) have been resolved. In each case the 
structure is typical of perpendicular-type bands of a 
symmetric-top molecule, and successive maxima show a 
distinct intensity alternation of the type strong, weak, 
weak, strong, . . . which is to be expected in the case of a 
threefold symmetry axis. These results thus indicate a 
molecular structure with symmetry C3», in agreement with 
Bauer’s electron-diffraction results! and with the conclu- 
sions of Gordy, Ring, and Burg? from microwave rotation 
spectra. The spacing between adjacent Q-maxima of the 
perpendicular bands is 6.7 cm~! in the case of the 2440-cm= 
band and 3.1 cm™ for the 810-cm™ band. Because of the 
large but uncertain amount of Coriolis coupling which is 
present, it is difficult to compare these values with the 
value 8.2 cm™! to be expected from Bauer’s data in the 
absence of such coupling. The band at 2440 cm™ can be 
ascribed to the degenerate B—H stretching vibration, anda 
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very strong parallel band at 2164 cm™ is due probably to 
the corresponding symmetrical vibration. 

The spectrum of tetramethyldiborane provides further 
evidence in support of the bridge structure for diborane 
(B2H¢). The complete absence of other than weak bands at 
frequencies greater than 1700 cm™ indicates there are no 
B—H bonds of the type which gives rise to the very strong 
bands at 2522 and 2614 cm™ in diborane;* trimethyl- 
diborane, which was also investigated, has, on the other 
hand, a single strong band at 2509 cm™. The strongest 
band in the tetramethyldiborane spectrum lies at 1602 cm 
and is almost certainly the analog of the bridge-hydrogen 
band of diborane at 1604 cm™.’ A weak band at 1968 cm™ 
may similarly correspond to the bridge-hydrogen band of 
BoHs at 1984 cm. The analog of the third bridge- 
hydrogen vibration (probably 1283 cm in diborane), if 
present, is probably obscured by numerous strong methyl 
bands in the interval 900 to 1400 cm™. 

Detailed reports on these spectra and on those of boric 
acid and dimethyl boric acid will be published later. 

* This work was supported by Office of Naval Research Contract 
N6ori-20, Task Order IX 

** Present address: Friends University, Wichita, Kansas. 

1S. H. Bauer, J. Am. Chem. Soc. 59, 1804 (1937). 


2W. Gordy, H. Ring, and A. B. Burg, Phys. Rev. 74, 1191 (1948). 
3W. C. Price, J. Chem. Phys. 16, 894 (1948). 


Infra-Red Absorption Spectra of 
Organic Compounds 


EARLE K. PLYLER 
National Bureau of Standards, Washington, D. C. 
December 27, 1948 


HE infra-red absorption spectra of some derivatives of 
methane, ethane, and benzene have been measured 
in the region from 22 to 394. The method of measurement 
in this spectral region has been previously described.' All 
the compounds were measured in the liquid state and the 
cells were from 0.2 to 1.6 mm in thickness. The observed 
bands, all of medium or of low intensity, are listed in 
Table I. The wave numbers listed for the regions of 
maximum absorption are accurate to about +2 cm™. The 
accuracy is sufficient for survey work. One source of error 
arises from changes in the temperature of the prism. The 
temperature coefficient of the index of refraction for the 
TIBr-I prism is —0.00016 as measured in the visible region. 
Changes in refractive index of these crystals over a period 
of time have also been observed. Hyde? has reported 
changes in the index of refraction of 0.0048 over a period 
of a few months. For work of high accuracy the instrument 
should be calibrated before and after each substance is 
measured. Methods of annealing recently developed by the 
Engineer Research and Development Laboratories give 
promise of producing more stable prisms than those which 
have been available. 

Most of the compounds listed in Table I have been 
measured in the NaCl and KBr regions. Many bands 
appear in the region of wave-lengths from 2 to 224. Carbon 
tetrachloride in cell thicknesses of 1.0 mm has been investi- 
gated with a KBr prism. Bands have been found at 17.59, 
18.82, 20.73, and 22.43y. These have all been interpreted in 
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TABLE I. List of observed bands. 


— Wave number 


Substance 
Chlorodibromomethane 


Dichlorobromomethane 


Dichlorodibromomethane 


Trichlorobromomethane 


Ethylene chloride 
Ethylene bromide 


s-Tetrachloroethane 


Ethylcyclopentane 


cis-1,3-Dimethylcyclopentane 
Methylcyclohexane 


1-Methyl-2-ethylbenzene 
1-Methyl-3-ethylbenzene 
1-Methy]-4-ethylbenzene 
2-Methyl-2-phenylpropane 
Chlorobenzene 
Bromobenzene 
lodobenzene 
o-Dichlorobenzene 


1,2,4-Trichlorobenzene 


p-Chlorobenzotrifluoride 


o- Bromoanisole 


p-Bromoanisole 
a-Bromonaphthalene 


Diethyl ether 


2 
2 
2 
2 
2 
3 
2 
3 
2 
2 
2 
30. 
3 
2 
2. 
2 
2 
2 
2 
3 
2 
2 
3 
2 
3 
2 
3. 
3 
2 
2 
2 
2 
2 
3 
2 
2 
3 
3 
3 
2 
30 
35 
30 
37 
24 
33 
22. 
26. 


accordance with the known energy level scheme for CCh, 
and include the difference bands at 20.73 and 22.43y, 
predicted by Herzberg as of sufficient intensity for obser- 
vation. A detailed report is in preparation. 


1 Earle K. Plyler, J. Research Nat. Bur. of Stand. 41, 125 (1948). 
2W. L. Hyde, J. Chem. Phys. 16, 744 (1948). 


Structure—Optical Studies. II. Aqueous 
Dispersion of Polyvinyl Borate— 
Iodine and Its Heat 
of Formation 


Cc. D. West 
Polaroid Corporation, Cambridge, Massachusetts 
December 27, 1948 


Ae dispersions of polyvinyl borate (PVB), 
formed by mixing dilute polyvinyl alcohol (PVA) 
with boric acid solution, react to iodine in the same way 
as do amylose solutions by giving a blue color due to a 
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strong absorption band in the near red. If the boric acid is 
omitted from the reaction mixture, no blue color results 
because of complete dissociation of the blue PVA-iodine 
compound at the dilutions in question. The wave-length 
of maximum absorption for PVB-iodine solution is 670 
mmu, while that of soluble starch-iodine is only 590 mmu 
under parallel conditions; that reported! for amylose-iodine 
is 628 mmu. The absorption bands of these compounds are 
symmetrical and are similar to each other in height and 
half-width. The triple color reaction of boric acid, PVA, 
and iodine, by reason of its marked specificity, has ana- 
lytical possibilities for the detection or determination of 
any one of its three components, more especially the latter 
two. Colloidal polyvinyl phenylborate, made in the same 
way and having similar properties, does not give a color 
reaction with iodine under similar conditions. When bro- 
mine is added to rather concentrated soluble starch or PVB 
solutions, we observe a distinct color change from yellow 
to orange or red but have failed to measure an intense 
absorption band here; the spectrophotometric data sug- 
gest extensive dissociation of such compounds in solution. 

(With E. Emerson.) We find unexpectedly large heats 
are evolved when one mole of halogen (iodine or bromine) 
is added to an excess of organic polymer in aqueous dis- 
persion under conditions to give as complete formation of 
addition compound as possible. Our results, which we did 
not reproduce to better than 10 percent, are summarized as 
the starred figures in Table I, together with data from the 
literature? All values here are in kcal. per mole of halogen 
and refer to the halogens in their standard (condensed) 
states. While the complexity of the colloidal systems (lines 
2 and 3 of Table I) prevents a detailed interpretation of 
these figures taken by themselves, they suggest that the 
energy of formation of these compounds from halogen 
molecules is an appreciable fraction of the energy of forma- 
tion of the molecules from neutral atoms, and is consider- 
ably greater than the heat of formation of simple crystalline 
trihalides from the crystalline halides (last line of Table I). 
It would be of considerable interest to know the heat of 
formation of the present dry addition compounds from the 
dry reactants, which is in principle determinable. 

These findings are of interest in connection with the 
x-ray diffraction results reported in Paper I of this series.* 
With the polymers there listed as showing the characteristic 
interferences of linear polyiodine we should have included 
the poorly crystalline polyvinyl silicate, made by esterify- 
ing PVA; we have since added the crystalline polymer 
known commercially as Terylene. Solid, oriented iodine- 
bearing polyviny] silicates and borates have been described 


TABLE I. Thermochemistry of halogens. 


Bromine 


Heat of formation from atoms 

Heat of addition to PVB 

Heat of addition to potato starch 

Heat of solution in various solvents 
Heat of addition to ionic halides to give 


trihalides 0,8(K, Cs) 


* New results. 
+ From measured heat of solution of 6.35 g (0.025 mole) 7+ in 180 
cc EtOH containing 3.6 g (0.025 mole) NHal. 


| 
<6) 
1e 
2 381 
: 
4 
od 2 381 
ig 330 
442 
351 
st 420 
351 
412 
402 
f 355 
352 
326 
is 290 
if 424 
1 393 
442 
405 
iC 452 
437 
322 
437 
act 366 
308 
395 
308 
418 
296 
313 
448 
437 
335 
438 
397 
307 
409 
385 
313 
302 
274 
of 
ant 402 
All 298 
440 
the 374 
red 
in 
of 
‘he 
ror 
“he 
on. 
iod 
iod 
ent 
is 
the 
ive 
ich Iodine 
2 12.5 
een 10* 7* 
nds —6 to —1 to3 
bon 5(NH4) 
59, 
Jin 


220 LETTERS TO 


in patents‘ as offering dichroic polarizer films of usefully 
enhanced stability over solid PVA-iodine films. Our present 
results show an analogous enhanced resistance of water- 
dispersed PVB-iodine to dissociation over PVA-iodine 
under the same conditions. 

Concerning the recent papers of Rundle and Stein®*> we 
have no evidence to question the quite special pictures 
drawn by these writers for the structure of starch and of 
starch-iodine. Our position is that the PVB-iodine struc- 
ture in the solid and dispersed states must include the 
starch-iodine structure as a special case. It is difficult for 
us, in view of the recent work of Bunn and Peiser* on the 
PVA structure, to conceive in PVA or PVB an array of 


—O—X groups “held in such a way that each 


contributes a reinforcing component of dipole moment 
along the fiber axis;” it seems more probable to us that in 
these systems such components would effectively cancel 
out each other over both shorter and longer ranges. 

It is of interest that our heat of addition of iodine to 
PVB (20 kcal.) is close to the comparable figure of Dube 
for the addition of iodine to starch (19.6 kcal. derived from 
electrochemical measurements, reference 5b). 


(ages) R. Baldwin, R. Bear, and R. Rundle, J. Am. Chem. Soc. 66, 111 

or "Bichowsky and F. Rossini, Thermochemistry of Chemical Sub- 
stances Sage Publishing Corporation, New York, 1936). 

3C. West, J. Chem. Phys. 15, 689 (1947). 

4A. Marks et al., U. S. 2,432,113; F. Signaigo, ry A 2,444,712; M. 
Hyman, Jr. et al., U.S. 2,445,579; E. Land, U. S. 2,445,581 

5(a) R. Rundle, 5 Chem. Phys. 15, 880 (1947): wes) R. “Stein and 
R. Rundle, J. Chem. Phys. 16, 195 (1948). 

6C. Bunn, Nature 159, 161 (1947); 161, 929 (1948). 


Photographic Infra-Red Emission Bands of O, 
from the CO—O, Flame* 


R. C. HERMAN, H. S. HopFietp, G. A. HORNBECK, AND S. SILVERMAN 


Applied Physics Laboratory, The Johns Hopkins University, 
Silver Spring, Maryland 


December 27, 1948 


NE of the authors recently reported some spectro- 

scopic studies of the CO+O: reaction carried out by 
explosion in a spherical vessel.! It was noted that the 
Runge bands of the neutral O2 molecule appeared in 
emission in the violet and near ultraviolet.? 

Further investigations have been carried out in the 
spectral range 7200-8800A in the first order’of a 2-meter 
grating spectrograph (Eagle mounting, Baird Associates), 
the grating having 15,000 lines per inch. A mixture of CO 
and O: was ignited in a gold-plated spherical bomb of 7- 
liter capacity, provided with fused quartz windows 1 inch 
in diameter. The commercial CO employed was freed from 
iron carbonyl but contained about 1.5 percent of He 


(0-0) K (1-1) K (2-2) 
| | | 


| | | 
7600A 7450 7700 7750 


Fic. 1. A portion of the emission spectrum of Oz obtained from the 
CO—O: reaction is shown in the spectral region 7590 to 7790A. —— 
heads of the (0—0), (i1—1), and (2 —2) transitions of 
well as the two potassium resonance lines at 7664.9 and 7699.0A, pong 
spectively, are indicated. 
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impurity. The CO and Oz were admitted to the bomb in 
the ratio of 1 to 2, to a total pressure of 1.5 atmospheres. 
This fuel/oxygen ratio produced spectra of optimum con- 
trast. The mixture was ignited at the center of the bomb 
by means of an ordinary spark coil across tungsten elec- 
trodes with }” separation. 

A portion of the spectrum obtained is reproduced in 
Fig. 1. An Eastman X-thin I-N plate was employed, 
hypersensitized by the usual ammonia-ethyl alcohol 
method. A Corning filter No. 2424 was used to absorb 
higher orders of the spectrum. The exposure consisted of 
forty explosions, corresponding to a total exposure time of 
about 10 seconds. The plate reproduced shows some of the 
red bands of neutral Os, heretofore obtained in absorption 
by the earth’s atmosphere. The two most intense of these 
bands, the A band* at \=7593.7A, identified as the (0—0) 
band,‘ and the (1—1) band® at \=7683.8A have been 
analyzed previously as absorption bands and assigned® to 
the 12,+—*2,- transition of neutral Oz. In addition to 
these two bands, Fig. 1 shows also the (2—2) band of the 
same system with head at \=7779.0A. The original plate 
further shows the (3—3) band at \=7879.2A and faint 
traces of heads of still higher bands of the same sequence, 


(0-0) K K 


7700 7750 


(2-2) (3-3) 


iy 


7800A 7850 7900 


Fic. 2. Densitometer tracing of a portion of the emission spectrum 
of O2 obtained from the CO —O: reaction, in the region 7590 to 7945A. 
The heads of the (0—0), (1-1), (2—2), and (3—3) yee of 
1D,+—32,-, as well as the potassium resonance lines, are indica‘ 


as well as heads of three bands of another sequence not 
previously observed: the (0—1), (1—2), and (2—3) bands. 
These band heads are at \=8597.8, 8697.8, and approxi- 
mately 8803A, respectively. The densitometer tracing of a 
portion of the same plate, reproduced in Fig. 2, shows the 
(O—0), (1-1), (2—2), and (3—3) bands. 

Because of the inadequate dispersion and the extensive 
overlapping of bands, it is not feasible to analyze the bands 
completely from the plates which have been obtained. 
However, it has been possible to sort out many of the lines. 
The observed emission lines of the (0—0) band differ on 
the average from the corresponding absorption lines of 
Dieke and Babcock by about —0.1A. However, there is no 
doubt about the identity of this band, since the intervals 
between successive lines in emission agree extremely well 
with those between corresponding successive lines in 
absorption. 

The distribution of intensity as obtained in emission is 
markedly different from that previously obtained in absorp- 
tion because of the higher temperatures involved. The peak 
intensity is shifted away from the origin of the band in 
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both R and P branches, the intensity maximum in the R 
branch being quite near the head of the band. Many addi- 
tional lines are therefore observed in both branches of the 
previously known bands. The head of the (1—1) band is 
observed in emission at \= 7683.8A, while in absorption no 
lines of this band were observed below 7685.7A, probably 
because of their low intensity. , 

We have found no evidence of any radiation from the 
CO: molecule, although careful search was made in the 
interval 7500-8800A, where some of the CO2 bands are 
expected to lie.? 

In conclusion, the writers wish to call attention to the 
note of K. J. Laidler which appears in this issue. From 
theoretical considerations alone, he concludes that the 
combustion process of CO and O2 may produce oxygen 
molecules in either the *2,+ or 12,* states. Transitions 
from *2,,* to the ground state *2,~ produce the Schumann- 
Runge bands and transitions from !2Z,* to the ground state 
yield the currently observed bands. 

* The work described in this paper was supported by the Bureau of 
Ordnance, U. S. Navy, under Contract NOrd-7386. 

1 George A. Hornbeck, J. Chem. Phys. 16, 845 (1948). 

2 George A. Hornbeck, J. Chem. Phys. 16, 1005 (1948). 

3G. H. Dieke and H. D. Babcock, Proc. Nat. Acad. Sci. 
varia Ossenbriiggen, Zeits. f. Physik 49, 167 (1928). 

5 R. Mecke and W. Baumann, Zeits. f. Physik 73, 139 (1932). 


€R.S. Mulliken, Phys. Rev. 32, 880 (1928). 
7D. M. Dennison, Rev. Mod. Phys. 12, 175 (1940). 
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The Formation of Electronically Excited Oxygen 
in the Carbon Monoxide Flame 


K. J. LAIDLER 


Department of Chemistry, The Catholic University of America, 
Washington, 


December 22, 1948 


HE possibility of the formation of electronically ex- 
cited oxygen in the carbon monoxide flame, by 
various processes that may be represented by 


(1) 


has been considered in a paper! presented at the Third 
Symposium on Combustion, Flame, and Explosion Phe- 
nomena in September, 1948. At the time there was no 
experimental evidence for such excitation of oxygen, but 
bands corresponding to two transitions from excited states 
have now been discovered, and were described in the 
previous letter.? It seems worth while, therefore, to present 
a more detailed discussion of this type of excitation. 

The carbon monoxide flame is known to contain oxygen 
atoms, which were detected by Gaydon? using his nitric 
oxide method. The luminescence of the flame was pre- 
viously thought! to be due to the formation of electroni- 
cally excited carbon dioxide by the process 


(2) 


where M represents a third body; that excitation occurs in 
this process is necessary for conservation of spin angular 
momentum. The more recent discovery? that the lumines- 
cence is due largely, if not entirely, to radiation by excited 
oxygen, calls for an explanation of the formation of these 
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molecules. The possibility of their formation by oxygen 
atom combination, analogous to the radical-radical reac- 
tions postulated’ to explain the formation® of excited 
formaldehyde in hydrocarbon flames, is here excluded by 
the high quantum yield‘ which indicates that one excited 
oxygen molecule is formed for about every hundred product 
molecules. This hypothesis is also eliminated by its failure 
to explain the disappearance of excited carbon dioxide 
molecules, which we know from direct evidence’ to be 
formed by reaction (2). 

These facts seem to point directly to reaction (1) as 
responsible for the electronic excitation of oxygen. Excited 
carbon dioxide is in a triplet (probably a *II) state, and 
its interaction with a *2,~ oxygen molecule will give 
*II-, and ‘Il-states of the collision com- 
plex. Of these the triplet states will correlate with CO2('Z) 
+0.(?2), which, therefore, can be formed without a 
violation of the spin-conservation rule; the process could 
be represented as 


)—> 
(3) 


however, consideration of the form of the potential-energy 
surfaces suggests that ionic surfaces are also involved, viz. 


CO2(I1) 
CO:+0-O(2, (4) 


This scheme would account for the production of several 
triplet states of oxygen. However, formation of the lowest 
(82,~) state seems unlikely, since the ionic surfaces do not 
fall low enough; this would correspond to physical quench- 
ing, the energy passing into vibrational, rotational, and 
translational energy. 

The production of oxygen in the *2,~-state, which 
accounts for the Schumann-Runge bands which are formed 
by the transition *2,-—>*2,-, seems much more probable 
from the standpoint of the smoothness with which the 
reaction can occur. The process may be represented as 


CO2(I1) 
CO2+0-O(2, (5) 


assuming the ionic complex to be formed. However, an 
important question raised by the observation of these 
bands is an energetic one, since the reaction must certainly 
be endothermic. Reaction (2) is exothermic by (126.7-E) 
kcal. where E is the energy of excitation of the carbon 
dioxide in its 3II-state; the energy of activation for the 
process’ is about 2 kcal., so that E cannot be greater than 
about 129 kcal. However, the energy of excitation of 
O2(82.-) is about 140 kcal., so that reaction (5) must be 
endothermic by at least 11 kcal., and therefore have an 
activation energy of at least this amount. If the flame tem- 
perature is about 3000°K, as seems to be the case, an 
activation energy of 15 kcal. would correspond to reaction 
occurring in one in about every 12 collisions, assuming 
no steric restrictions to reaction. Since the transition 
CO,(‘I1)+CO2('2)+hy is “forbidden,” the radiative life of 
CO,.(‘II) may well be long enough for a large fraction of 
the CO,(*II) molecules to effect the required number of 
collisions with Oz and hence transfer their electroriic energy. 
Thus the production of the Schumann-Runge bands, which 
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at first sight seemed surprising, appears on further dis- 
cussion to involve no theoretical difficulties; the detailed 
treatment of the mechanisms of such reactions involving a 
transfer of electronic energy still needs to be carried out, 
however. 

In addition to the formation of O2(82.-) and O2(°2,~) 
(lowest state), the production of O2(*2,*) is possible. 
Reaction to give oxygen in a singlet state, e.g., }2,*, can, 
as previously pointed out, proceed on singlet surfaces: 


CO.+0-O0(:2, (6) 


The production? of this state is probably to be explained 
by this reaction. 

It may be noted in conclusion that the fact that most of 
the energy goes into the upper *2,~-state, in spite of the 
endothermicity of the reaction, is a further indication® 
that in processes of this kind transitions are strongly 
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favored which involve the transfer of a minimum amount 
of energy into non-electronic forms. This may be partly 
because of the large amount of resonance energy, but in 
this case perhaps more owing to the fact that the ionic 
states for the intermediate complex do not lie low enough 
to permit the formation of oxygen in lower electronic 
states. 


1V. F. Griffing and K. J. Laidler, Third Symposium on Combustion, 
Flame and Explosion Phenomena (Madison 1948) (Williams and Wilkins, 
Baltimore, to be published). 

2R. C. Herman, H. S. Hopfield, G. A. Hornbeck, and S. Silverman, 
J. Chem. Phys. 17, 220 (1949). 

3A. G. Gaydon, Proc. Roy. Soc. A183, 111 (1944); Trans. Faraday 
Soc. 42, 292 (1946). 

4Cf. V. Kontratjew, Zeits. f. Physik 63, 322 (1930); A. Fowler and 
A. G. Gaydon, Proc. Roy. Soc. A142, 362 (1933); A. G. Gaydon, 
Spectroscopy and Combustion Theory (Chapman and Hall, Ltd., London, 
1942), Chapter VI. 

5 A. D. Walsh, Trans. Faraday Soc. 43, 297 (1947). F 

6 Day and R. N. Pease, J. Am. Chem. Soc. 62, 2234 (1940); Topps 
and D. T. A. Townend, Trans. Faraday Soc. 42, 345 (1946). 

7™W. F. Jackson, J. Am. Soc. 56, 2631 (1934); W. Groth, Zeits. f. 
physik. Chemie B37, 307 (1937). 

8 Cf. K. J. Laidler, J. Chem. Phys. 15, 712 (1947). 
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